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Years before the discovery of DNA glycosyiases, apurinic/ apyrimidinic (AP) 
endonudeases, and the general phenomenon of base excision repair, the 
most extensively studied model lesion for excision repair was the pyrimidine 
dimer, a major photoproduct produced in DNA by UV radiation at —254 rim (see 
chapter 1 ). This form of DNA damage is very convenient to study* since it is easy 
to generate in the laboratory (requiring only a germicidal lamp), it is chemically 
stable in DNA, and reliable and sensitive methods exist for its detection and quan- 
titation (48, 49). Additionally, it is a biologically relevant form of DNA damage 
because the same type of base damage is produced in vivo when cells are exposed 
to sunlight (see chapter 1). 

' it has long been known of Escherichia wli exposed to UV radiation 

undergo recovery processes which involve the repair of DNA containing pyrinii- 
dine aimers (47, 69, 95). Such recovery can be demonstrated as an increased 
survival of the bacteria themselves or as their ability to promote the survival of 
UV-irradiatedta The latter phe- 

nomenon is called host cell reactivation and is a sensitive indicator of DNA repair, 
both in prokaryotes and in mammalian cells infected with viruses (47, 69. 95). 
More recendy it has become appreciated that the repair of a second major pho- 
toproduct in DNA [the so-called (6-4) lesion (see chapter 1)] is also important for 
biological recovery from UV radiation. 

Following the discovery of enzymatic photoreactivation (see chapter 3), 
DNA repair modes associated with recovery from the effects of UV radiation were 
distinguished as light repair (to indicate the dependence of photoreactivation on 
visible light) and dark repair (to indicate DNA repair processes which are inde- 
pendent of light). During the early 1960s a series of experiments reported by Set- 
low and Carrier (176) and by Boyce and Howard-Flanders (17) led to important 
insights into the nature of dark repair of UV radiation-induced damage. Following 
the irradiation of UV-resistant (wild-type) and UV-sensitive (mutant) E. colt strains. 
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it was noted that in the wild-type strains pyrirnidine diraers were lost from the 
rugh-molecular- weight (acid- insoluble) fraction of DNA and appeared in the low- 
molecular- weight (acid-soluble) phase during post-UV incubation. The kinetics of 
this process correlated well with the resumption of DNA synthesis (178) and led 
to the suggestion that the loss of dimers from DNA (i.e., their excision) was directly 
related to the recovery of replicative DNA synthesis and hence to survival. This 
hypothesis was supported by the observation that in mutant UV radiation-sensitive 
and host-cell reactivation-defective (her) strains, thymine -containing dimers were 
not lost from high molecular weight DNA during post-UV incubation in the ab- 
sence of photoreactivating light 

These seminal observations, together with the demonstration by Pettijohn 
and Hanawah (136, 137) of repair synthesis of DNA in cells exposed to UV radi- 
ation, defined the process that is called nucleotide excision repair, a process by which 
damaged bases such as pyrirnidine dimers and (6-4) photoproducts are enzymat- 
icaUy excised from DNA as intact nucleotides (actually as part of oligonucleotide 
fragments) rather than as free bases. Like base excision repair, nucleotide excision 
repair is a multistep process which eventually leads to the formation of a gap in 
the DNA duplex. This gap is filled by repair synthesis and covalently sealed by 
DNA ligase. as discussed in chapter 4. However, nucleotide excision repair is a 
biochemically more complex process than base excision repair and involves many 
more gene products, particularly in eukaryotic cells. This chapter is devoted to a 
consideration of nucleotide excision repair in prokaryotes, in which E. coli will 
once again constitute the primary paradigm. The next three chapters are devoted 
to a consideration of nucleotide excision repair in lower eukaryotes and in mam- 
malian cells. 



UvrABC Damage-Specific Endonuclease of E. coli 

Early genetic analyses identified three loci, designated uvrA+, uvrB+ and uvrCt, 
that are required for the excision of pyrirnidine dimers in E. coli (73, 74, 105, 209). 
Subsequently, two other genes, iml^ and ^ 
as^weu (152; ^ 

encodes DNA polymerase 1 (Poll), in the context of the discussion of repair syn- 
thesis during base excision repair (see chapter 4). The use of techniques (some of 
which are discussed below) that reveal the presence of single-strand breaks (nicks) 
in DNA established that the uvM\ uwS + , and uvrO genes are specifically required 
ioi eMohudeotytic incision of DNA containing pyrimialhe dim 
observations reinforcedthe notion 2 thatthe aark repa^ 

indeed Occur by an exdaon-resyhthesis mode and that this must somehow involve 
breakage of the pblynudeoticle chain specifically at ot^ of pyrirnidine 

dimers; Le., the DNA must somehow be subject to damage-specific incision. 

One mechanism for the specific incision of DNA containing pyrirnidine di- 
mers that was discussed in chapter 4 is by the sequential action of a pyrirnidine 
dimer-DNA glycosylase (PD-DNA glycosylate) and an AP endonuclease. However, 
DNA glycosylase/AP endonudease-mediated incision of DNA containing pyrirni- 
dine dimers is a highly specialized form of base excision repair which is confined 
to Micrococcus luteus and to E. coli infected with bacteriophage T4 and possibly to 
the yeast Saccharomyces cerevisiae. The stringent substrate sperifidty of the T4 PD- 
DNA glycosylase is consistent with the observation that phage T4 mutants which 
are defective in the denV+ gene (which encodes this DNA glycosylase) are not 
abnormally sensitive to any other type of base damage. On the other hand, it is 
well established that E. coli mutants defective in the uvrA\ uvrB\ or uvrC* gene(s) 
are sensitive not only to UV radiation but also to a diverse array of chemical agents, 
induding mitomycin, nitrogen mustard photoactivated psoralen, and N-methyl- 
//'-nitro-N-nrtrosoguamaine (MNNG) (73, 74, 105, 115), to name just a few (Fig. 
5-1). 

Hence, a reasonable answer to the question why E. coli and many other 
organisms do not possess a PD-DNA glycosylase to deal with the potentially lethal 
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Figure 5-1 Nucleotide excision repair-defective (uvr) strains of E. coli are abnormally sen- 
sitive to killing by a wide variety of DNA- damaging agents, including UV radiation, mito- 
mycin, nitrogen mustard and rV-methyl-iV*-nitro-N-mtix>soguarudine (MNNG). {Adapted 
from Friedberg [45a] with permission.) 



and mutagenic effects of pyrirnidine aimers is that the presence of many other 
types of base damage that challenged the survival of cells during biological evo- 
lution provided the selection for a more-general excision repair mode which could 
serve to identify these multiple types of damage and effect their removal from 
DNA. As discussed here and in subsequent chapters, we still do not understand 
precisely how the nucleotide excision repair machinery is able to identify diverse 
types of base damage which apparently have few chemical and even structural 
features in common. Nor is it fully understood how this machinery is able to 
specifically recognize such damage in the general background of other perturba- 
tions in DNA structure which naturally arise from its dynamic state and its partic- 
ipation as a substrate in other aspects of DNA metabolism. 

Almough 7 biological smdies onnudeoade excision repair in wtf were in- - 
itiated over 30 years ago, it is only in the last decade that major insights have been 
obtained concerning the detailed biocheinistry of this process. Several factors im- 
peded progress in this area of biochemistry. For one thing, all cells, mduding E. 
coli, contain multiple nuclease activities which rapidly degrade DNA in cell ex- 
tracts. The preparation of cell extracts by Seeberg et al. (162, 165) which could 
support the preferential incision (nicking) of UV-irradiated DNA relative to unir- 
radiated DNA was an important milestone that was fundamental to this research 
endeavor. This process of specific DNA incision was shown to be dependent on 
the presence of divalent cations such as Mg 2+ or Mn l+ and to have an absolute 
requirement for ATP. Consistent with the cellular biology and genetics of nucle- 
otide excision repair, the specific nicking of UV-irradiated DNA was not observed 
with extracts of uvrA. uvrB. or wvrC mutant cells. However, extracts of these mutant 
cells could be complemented for nicking activity by addition of extract from a 
different uvr mutant strain (162, 163, 165) (Fig. 5-2). 

Aside from the importance of appropriate preparation of cell extracts, it is 
now well recognized that the uvrA+, uvrB* and uvrC* gene products are consti- 
tutiveiy expressed in extremely small amounts in E. coli, and for many years at- 
tempts to purify these proteins were additionally frustrated by these quantitative 
limitations. The purification of the UvrA, UvrB, and UvrC proteins in high yields 
was enormously facilitated by the molecular cloning of the genes that encode them 
anaby^ 

The amplification of uvr gene expression can result in yields of Uvr proteins ap- 
proaching 25 to 30% of the total soluble protein of E. coli cells, allowing the pu- 
rification of milligram quantities of these proteins to physical homogeneity (205, 
226, 232). As discussed in later chapters, the overexpression of recombinant nu- 
cleotide excision repair proteins from eukaryotic cells has been far less successful. 1 ? f 
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Figure 5-2 UV-irradiated DNA is incised by extracts of E. coli cells which are proficient for 
nucleotide excision repair (uvr*) in the presence of ATP and Mg* + (left panel). Extracts of 
uvr mutant cells fail to demonstrate the preferential incision of UV-irradiated DNA (center 
panel); however, mixtures of extracts from different uvr cells complement each other for 
nicking activity (right panel). Incision (nicking) of DNA was measured by the conversion of 
covalentry dosed circular (form I) DNA to the relaxed-circular or linear configurations. 
(Adapted from Friedberg [45a] with permission.) 



Tlie enzyme-catalyzed 
repair m#. riffabsolut^ arid UvrC proteins. Regrettably, 

a standard nomenclature for this enzyme has not been developed The enzyme 
has been variously referred to as the Uvr ABC endanudease. the UvrABC exdnudease, 
the Uvr(A)BC endanudease, and the Uvr(A)BC exdnudease. The term "exdnudease" 
was introduced in deference to the fundamental observation, discussed in detail 
below, that the enzyme catalyzes damage-specific incision of DNA and thereby 
facilitates the excision of an oligonudeotide generated during the incision reactions. 
The reason for denoting the UvrA protein in parentheses will become apparent 
later. In keeping with standard biochemical nomenclature, we prefer the term 
endonudease, since the endonudeolytic mcision of DNA is a primary biochemical 
event catalyzed by this enzyme. Hence, in this book we will use the name UvrABC 
enaonudeaL Before discussing how these proteins effect damage-specific indsion 
of DNA, let us consider the proteins themselves and the genes mat encode them. 

The uvrA* Gene and UvrA Protein 

The uvrA* gene is located at 92 min on the E. coli genetic map. uvr A is one of a 
series of genes collectively referred to as SOS genes, which are induced to increased 
levels of transcription by agents that cause DNA damage. Details of the SOS re- 
sponse to DNA damage are discussed in chapter 1 0. For the purposes of the present 
discussion, it is relevant to note that the expression of SOS genes is regulated by 
a repressor which is the product of a gene called kxA*. A specific binding site for 
the LexA repressor protein at the operator-promoter region of the uvrA* gene (the 
so-called LexA box or SOS box) has been identified (153). Not unexpectedly, similar 
sequences have been identified in the regulatory regions of other genes involved 
in the SOS response, including the uvrB gene (see below). 

The uvrA* gene constitutes a single operon and is not co transcribed with 
any other gene (170). Hie gene is separated by 253 bp from a gene called ssb 
(which encodes a single-stranded DNA-binding protein), but the two genes are 
transcribed divergently (170). The uvrA LexA binding site is located in this inter- 
genic region and is required for inducible regulation of uvrA (13), but it is not 
involved in the expression of the ssb gene (170). There are only -25 molecules of 
UvrA protein constitutively in E. coli cells, but SOS-mediated induction of the uvrA 
gene increases the intracellular content of UvrA protein to -250 molecules per 
cell (170, 210). 
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Table 5-1 Properties of UvrA, UvrB. and UvrC proteins of E. coli 



Property 




Value for 




UvrA 


UvrB 


UvrC 


Mol mass (Da) 


103,874 


76,118 


66,038 


No. of amino acids 


940 


673 


610 


No. of Trp residues/molecule 


3 


0 


2 


Molar extinction coefficient 


46,680 


27,699 


36,200 


pi 


6.5 


5.0 


7.3 


Stokes radius (A) 


59 


41 


41 


Sedimentation coefficient 


7.4 


4.2 


4.9 


Intrinsic metal 


2Zn 


None 


None 


DNA binding 


Yes 


No 


Yes 


Nucleotide-binding motifs 


2 


1 


None 


ATPase activity 


Yes 


No 


No 


SOS regulation 


Yes 


Yes 


No 


No of molecules/cell 


20 (250)4 


250 (1.000) 


10 



0 Numbers in parentheses indicate values alter SOS induction. 
Source: Adapted from Van Houten (210). 



The cloned uvM + gene contains an open reading frame of 940 amino acids, 
which can encode a polypeptide of about 103.9 kDa (78, 170, 210), in reasonable 
agreement with the molecular mass of the purified protein (~1 14 kDa) (Table 5- 
1 ) (205, 232). The protein has a Stokes radius of 59 A (5.9 nm) (Table 5-1) and 
an S value of 7.4 (Table 5-1 ). It is a slightly acidic protein, with a measured pi of 
6.5 (Table 5-1) (170). 

UvrA protein is a DNA-independent ATPase and a DNA-binding protein. 
Both of these functional attributes correlate with specific structural motifs in the 
translated nucleotide sequence. The amino acid sequence reveals the presence of 
two consensus so-called Walker type A and type B purine nucleotide recognition 
motifs (223), found in many proteins which bind and hydrolyze ATP and/or GTP 
(152, 210). The type A sequences are the most highly conserved (Fig. 5-3). More 
detailed analysis of the predicted UvrA polypeptide and comparisons with the 
sequences of a number of other ATPases revealed regions of homology extending 
over approximately 250 amino acids, suggesting that UvrA protein is a member 
of a superfamily of prokaryotic ATPases, many of which are plasma membrane- 
bound proteins involved in active transport, multidrug resistance, cell division, 
nodulation during nitrogen fixation, protein export, recombination, and replica- 
tion (40, 55, 71). The amino acid sequence of the UvrA protein also contains two 
zinc finger motifs (Fig. 5-3) (see below) and it has been suggested that a consensus 
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Figure 5-3 Diagrammatic representation of functional motifs identified in the amino acid 
sequence of the E. coli UvrA protein (940 amino acids). The location of the two Walker type 
A consensus sequences for nucleotide (ATP) binding are shown, as well as the two zinc 
finger domains and the helix-turn-helix (H-T-H) motif. {Adapted from Grossman and Thia- 
galingam [62] with permission.) 
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helix- tum-helix motif is present as well (Fig. 5-3) (224). Both the zinc finger and 
helix- turn-helix motifs are thought to be important determinants for the ability 
of the protein to bind to DNA. The C-terminai 44 amino acids of UvrA protein are 
rich in glycine residues (31) and are thought to be important for DNA damage 
recognition (see below). 

Site -directed mutagenesis of UvrA protein suggests that it has two functional 
ATPase motifs located near the N- terminal and C -terminal regions of the poly- 
peptide and corresponding to those identified by inspection of the amino acid 
sequence (203). The K m for ATP of the wild-type protein is 149 fiM. This value is 
intermediate between those independently calculated for the N-terminal site (60 
uM) and for the C-terminal domain (312 uM). The apparent second order rate 
constant for the association of ATP with the C-terminal ATP-binding site is only 
slightly less than that of the full-length wild-type protein. However, the rate con- 
stant for association with the N-terminal site is about an order of magnitude lower. 
Hence, it would appear that the former site has a higher affinity for ATP than the 
latter has (203). The ATPase aaivity of UvrA protein has a k^t of —1 s _1 (205). 
However, there is a substantial decrease in the *ca t of the ATPase aaivity for each 
individual site compared with the native protein, suggesting that the two sites act 
cooperatively in ATP hydrolysis (203). The ATPase activity is stimulated ca. two- 
fold by the simultaneous presence of unirradiated DNA and UvrB protein (but not 
by either alone) (205). The roles of ATP hydrolysis during the damage-specific 
incision of DNA by the UvrABC endonuclease arc considered more specifically 
below. 

When radioiodination of UvrA protein is carried out in the presence of ATP, 
significantly higher levels and initial rates of tyrosine iodination are observed than 
in the absence of ATP, suggesting that the binding of ATP to UvrA protein is as- 
sociated with a conformational change in the protein (63, 226). In support of this 
suggestion, UvrA protein can exist as a monomer in the absence of ATP but di- 
merizes in its presence (152, 226). High concentrations of UvrA protein and the 
binding (but not the hydrolysis) of ATP favor dimerization of the protein (107), 
and the presence of the nonhydrolyzable ATP analog ATPhrS] also favors dimer- 
ization (107). At monomer-dimer equilibrium, the apparent association constant 
is Ka = ~ 10* M~ 1 ( 1 52). In the presence of ATP[yS] UvrA protein becomes trapped 
in its dimeric state, suggesting that ATP hydrolysis is linked to the reversal of UvrA 
dimerization (226). The exact stoichiometry of ATP binding to UvrA protein is 
!ATP/(UvrA) 2 (117). In summary, UvrA protein dimerizes in solution and the 
dimerization constant is increased by the binding of ATP. ATP binding (and pos- 
sibly dimerization) results in a conformational change of the (UvrA) 2 protein com- 
plex. 

The amino acid sequence domains that are involved in the binding and hy- 
drolysis of ATP by Uvr A protein are separated by two zinc finger motifs with the 
prototypic sequence CXXCX I8 _ 20 CXXC (12) (Fig. 5-3). These are believed to be 
involved in DNA -binding (152). Extended X-ray absorption fine-structure analysis 
of purified UvrA protein has shown that it does indeed contain two bound Zn 
atoms per molecule, each coordinated with four sulfur atoms (in cysteine residues) 
at a distance of 2 .32 A (0.23 nm) (121). The functional significance of these motifs 
is not certain. Substitution of Cys-253, the first cysteine residue in the N-terminal 
zinc finger (Fig. 5-3) by histidine, serine, or alanine results in a modest loss of the 
ability of the mutant gene to fully complement the UV radiation sensitivity of uvr A 
strains ( 1 2 1 ). On the other hand, independent studies suggest that the substitution 
of Cys-253 or Cys-256 (Fig. 5-3) with serine has little or no significant effect on 
the resistance of the mutant uvrA strains to UV radiation or on the activity of 
purified UvrA protein (219). However, substitution of Cys-763 in the C-terminal 
zinc finger motif (Fig. 5-3) confers extreme sensitivity to UV radiation and inac- 
tivates UvrA protein (219). Hence, it is possible that the second (C-terminal) zinc 
finger motif is required for protein binding to DNA, while the first (N-termtnal 
motif) is required for the proper dimerization of UvrA protein. 

Incomplete polypeptides comprising the 70-kDa N-terminal and 35-kDa C- 
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terminal regions of UvrA protein and carrying one or the other of these two zinc 
finger domains have been purified and characterized (1 17). When mixed, the two 
fragments fail to reconstitute functional UvrABC endonuclease activity in the pres- 
ence of UvrB and UvrC proteins. Hence, it is likely that the specificity for binding 
to damaged DNA is provided by the proper orientation of the two zinc finger motifs 
relative to one another and is not an intrinsic property of the individual domains 
(1 17). A third zinc finger motif has also been identified in the UvrA protein, but 
it has diverged extensively, and its functional significance is unknown (1 52). Fur- 
ther evidence of a requirement for zinc for the functional integrity of UvrA protein 
derives from studies showing that when recombinant UvrA enzyme is expressed 
in an insoluble form, it can be solubilized by procedures that denature the protein 
and allow it to refold. Refolding requires zinc to reconstitute functional UvrA pro- 
tein (30). As indicated above, in addition to the zinc finger motifs, UvrA protein 
has a putative consensus helix-tum-helix motif. Base substitution experiments 
with this motif suggest that it is required for the protein to recognize base damage 
in DNA (224). 

The domains of the UvrA protein that are required for its various functional 
activities have been mapped by comparing the properties of various mutant pol- 
ypeptides generated by systematic deletion mutagenesis (31). A region located in 
the N-terminal 230 amino acids is believed to be required for interaction with 
UvrB protein, whereas the region required for self-dimerization is within the first 
680 amino acids. Almost the entire polypeptide (940 amino acids) is required for 
binding to DNA (31). 

The binding of (UvrA) 3 protein to DNA has been demonstrated by a variety 
of experimental techniques (82, 107, 152, 205, 213, 219, 232). The protein binds 
nonspecifically to duplex DNA, with relatively low affinity. This nonspecific bind- 
ing affinity is apparendy higher for ends in duplex DNA and for single-stranded 
DNA (107, 152). In the absence of ATP, the protein binds more specifically to 
damaged DNA, binding to a psoralen adduct in duplex DNA with a binding con- 
stant K s = -5 X 10 7 M~* (152). The specificity of this binding increases another 
twofold in the presence of ATP hydrolysis. By using substrates containing the 
major products of UV radiation, it has been observed that the off (dissociation) rate 
for UvrA protein is exceedingly low in the absence of ATP hydrolysis but is stim- 
ulated in its presence (139). Thus, it appears that ATP hydrolysis increases the 
specificity of binding to damaged DNA but lowers the equilibrium binding constant 
by stimulating dissociation. DNA-binding affinity is also increased in the presence 
of ATPfyS] and is inhibited in the presence of ADP, suggesting that ATP hydrolysis 
is not required for this event (126, 166). 

In its dimeric (and possibly ATP-bound) form, UvrA protein binds DNA con- 
taining various forms of base damage, ranging from AP sites to cross-link-initiated 
triple helixes (149, 170, 193, 215). However, these (UvrA) 2 -DNA complexes are 
short lived and dissociate rapidly. Further selectivity for the binding of UvrA pro- 
tein to damaged DNA is achieved by its specific interaction with UvrB protein. 
Before discussing this interaction, let us consider the second player in the triad of 
molecular components required for the damage-specific incision of DNA in E. colt, 
the uvrB gene and its polypeptide product. 

^TM-uvrB^ G^neand^UvrB Protein, 
The wvnB + gene maps at 17 min on the E. coli chromosome and hence is unlinked 
to uvrA: Like the uvrA * gene; wvrS + is monocistronic. Regulation of the uvrB* 
gene (which, as indicated above is also a member of the SOS regulon and is in- 
ducible by DNA damage) is complex (44, 158). Transcription of uvrB+ appears to 
be controlled by both SOS-dependent and SOS-independent promoters (210). In 
vitro the gene is transcribed from two overlapping promoters called P, and P 2 (Fig. 
5-4). A LexA protein binding site is present in the promoter region. In vitro this 
site apparently functions as the operator for P 2 , since transcription from ? 2 is in- 
hibited in the presence of LexA repressor protein while that from P, is unaffected. 
On the other hand, there are indications that in vivo P, (the promoter closest to 
the coding region of uvrB) determines both constitutive and induced levels of 
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SNA* 




Bstm , ^ i BstW 

\^-~ < m ~~~ 540 bp- ^_ _ 

P3 ^--^ 

! P3 Pribnow box ! 

-400 -35 sequence 

• * • * \ * • l * " 

CGGCGG6G6ATAGGGGCT6GAC^^ 
GCCGCCCCCTATCCCCGACCTCTGTCAA™^^ 

-300 

GGCAAKGAGAGAATACGCGGCTT^G^ 
CCGnCGaCTCnATGCGCCGAACGTGCGCn^ 

-250 -200 
....<•. 

CGGnA6ATAAAT6CMTGGCA6TCACTfiMCAGGCATCTCTTGCCATAAAACT6TCATCACTCATCTT6ACAAAT6 
GCCAATCTATnACGnACCGTACGTGACTOTCC6TA6A6AACGGT^^ 

-150 

• •««••• • 

nAAAAMFCCGnGCTnGGG6ATMCCCGGTAAG6CCGGA6TTnATCTC 

AATTT7TTCGGCAAC6AAACCCCTAnGGGCCAnCC6CCCTCAAAATAGAGCGGTGTCTCATTTAAAACGA€TACT 

P2 P2 
_100 -35 sequence -50 Pribnow box 

• ■ « • | • « , I, I * . . . * 

TTGACAGCGGAGTTTAGCCTGTATCAGAAATAnAlf^ 



AACTGTTCGCCTAAATGCGACATAGTCTTTATAAT ^£ACmCTT6ACAAAAAAATAG6TCAT/ 



PI P1-35 sequence J 

Pribnow box -| +1 LexA binding +50 

AAnAAGTACGAC6A6$SiAAATTACAT^^ 
nAAnttTGCTGCTCAttTTAATGTATGGACGGG 



+100 



ACTGAAnCCGCTTTTAAACCTTCTGGCGATCAGCCAGAGGCGATTCGACGTCTGAAGGAGGGGCTGGAAGATGGCC 
TGACnAA6GC6AAMTTT6GAAGACCCCTAGTCGGTCTCC6CTAAC6T6CA6AGCTTCTCCCCGACCTTCTACCGG 

Figure 5-4 Nucleotide sequence of a 540-bp BrtNI fragment containing the E. coli uvrB* 
gene regulatory regions. The numbering of nucleotides is relative to a transcriptional start 
site designated S 1 . Pribnow boxes and - 35 sequences for three promoters (PI, P2, and P3) 
are identified as is a region protected from DNase I attack by the binding of LexA protein. 
(Adapted from Friedberg [45a] with permission.) 



uvrB* transcription and that P 2 serves mainly to regulate transcription from P,. In 
vitro the bmding of LexA protein to P 2 may interfere with the binding of RNA 
polymerase to P, or, alternatively, may interfere with the local unwinding of DNA 
that precedes initiation of transcription (9, 208). 

A third promoter, designated P„ has been identified 320 bp upstream of P 2 
(Fig. 5-4). In vitro, transcription from P, is directed toward the uvrB structural 
gene but terminates in the region of the LexA-binding site even in the absence of 
LexA protein (155). The physiological role (if any) of this promoter and the nature 
of its transcript are unknown. Plasmid vectors carrying the P 3 region can be prop- 
agated only in certain media or in strains deleted of uvrB (148, 155, 207). Muta- 
tions that modify a potential stem-loop structure in the P, region stabilize the 
propagation of plasmids (207). It has therefore been suggested that transcription 
from P, leads to plasmid loss and that the stem-loop structure acts as a regulatory 
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UvrA protein (1) (29-40) f^j;Li!ipM^S W, 
i UvrA protein (2) (638-649) :V$mV' jjjgllp^T'i 

| UvrB protein (37-48) VI L sygji G A ;G^jS|K]T; R V 

s 

' Figure 5-5 The Walker type A nucleotide binding motifs in ihe E. coli UvrA and UvrB 

j proteins share extensive amino acid identity and similarity. 



UvrB protein f$ S I I *Q£fl| 

Ada protein (site 1) W ^Qj 

Ada protein (site 2) A Q F R H 

Figure 5-6 The E. coli UvrB protein has an amino acid sequence motif that resembles those 
observed in the E. coli Ada protein (see chapter 3). Those in the Ada protein are sites of 
preferred proteolytic cleavage of the protein. 



site for this promoter (207). Interestingly, the putative stem-loop structure in P 3 
shares sequence homology with the binding site for DnaA protein in the E. coli 
replication origin oriC (50). suggesting the interesting possibility that expression 
of the uvrB* gene is somehow coupled to DNA replication (207). In this regard, it 
may be relevant that polA uvrB mutants are inviable (1 1 1). 

The 3' untranslated region of the uvrB* gene contains so-called repetitive 
extragenic palindromic sequences (6, 8). Such sequences in other genes have been 
shown to be binding sites for DNA gyrase (229), suggesting that they may be 
involved in determining higher-order structure in the E. coli chromosome (210). 

The uvrB* gene can encode a polypeptide of 673 amino acids with a calcu- 
lated molecular mass of 76.6 kDa (6. 8). The amino acid sequence of UvrB shows 
several interesting features. First, like the UvrA amino acid sequence, the protein 
has a consensus Walker type A nucleotide -binding motif (Fig. 5-5). The purified 
protein has no detectable ATPase activity. However, as discussed below, there are 
indications that UvrB may be a cryptic ATPase which becomes activated only when 
bound to UvrA protein or when degraded by specific proteolysis (23). 

A second notable feature of UvrB protein is the presence of an amino acid 
sequence motif which is very similar to that known to function as a specific pro- 
teolytic cleavage site in the E. coli Ada protein (DNA alkyltransf erase I) (Fig. 5-6) 
(see chapter 3) (6, 202). Indeed, a proteolysis product of UvrB protein designated 
UvrB* has been identified in extracts of E. coli. The suggested physiological signif- 
icance of this degradation reaction is discussed below. Finally, the amino acid 
sequence of the UvrB protein shows homology with two limited stretches of the 
sequence of the UvrC protein (210). The more extensive of these is a stretch of 14 
amino acids located close to the C terrninus of the UvrB polypeptide, 1 3 of which 
are identical to a region in the middle of the UvrC polypeptide (Table 5-2). As 
discussed below, a UvrC polypeptide that contains just the C -terminal 314 amino 
acids and excludes this region of homology with UvrB protein is sufficient to re- 
constitute functional UvrABC activity in vitro (100). However, the resistance to 
UV radiation of mutant strains carrying this deleted UvrC protein is considerably 
reduced, although it is not dear that this reduced survival specifically reflects a 
requirement for the UvrB -like motif in UvrC protein. 

Purified UvrB protein has a relative molecular mass of 84 kDa (Table 5-1), 
slightly larger than that predicted from the open reading frame of the uvrB gene 



Table 5-2 Homology between the UvrB and UvrC polypeptides 



Polypeptide (nt)* 


Sequence 


UvrB (649-664) 


AQNLG F EEAAQ INDQL 


UvrC (198-213) 


SQNLGFEEAANINDQI 



J nu nudcoiides. 



fa 
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(148, 205, 230). It is a globular acidic protein with a Stokes radius of 41 A (4.1 
nm), an S value of 5.2, and a pi of 5.0 (Table 5-1) (170). The protein is monomeric 
in solution and does not bind ATP or DNA in isolation (81, 213). However, UvrB 
protein interacts specifically with UvrA protein to form protein-protein and pro- 
tein-DNA complexes which are important intermediates in the biochemistry of 
the damage-specific incision of DNA. UvrB protein is constitutively expressed at a 
level of ~250 molecules per cell (significantly higher than that of UvrA protein 
[see above]). Following SOS induction, the level of UvrB protein increases to as 
much as —1,000 molecules per cell (170). 

~ < INTERACTIONS BETWEEN UvrA AND UvrB PROTEINS— THE 
PHENOMENON OF DAJVLAGE-SPEOFIC RECOGNITION 

As mdicated above, a fundamental aspect of the specificity of nucleotide excision 
repair is the ability of the repair machineiy to locate and identify base damage in 
the genome, a process referred to as damage-specific recognition. In E. coli, this rec- 
ognition problem is apparently solved by interactions between a complex of the 
UvrA and UvrB proteins and their interactions with damaged DNA. 

Purified UvrA protein associates with UvrB protein to form a (UvrA ) 2 ( UvrB), 
complex (Fig. 5-7). At physiological concentrations (—10 nM UvrA protein and 
-200 nM UvrB protein), all UvrA protein is in the form of (UvrA ) 2 < UvrB), com- 
plexes (130). This interaction is strictly dependent on the presence of ATP (130), 
ATPfyS] cannot be substituted for ATP in this binding reaction, suggesting that 
ATP hydrolysis rather than ATP binding is critical for (UvrA) a (UvrB), complex 




Figure 5-7 Model for the formation of a stable (UvrB^-damaged-DNA complex during 
nucleotide excision repair in E. coli. A site of base damage on one DNA strand is represented 
diagrammatically (A). A (UvrA) 2 (UvrB), protein complex forms in solution (B and C) and 
initially binds to DNA at a site removed from the damage (D). Promoters in genes might 
constitute preferential sites for the initial '-docking" of such complexes. The (UvrA) 2 (UvrB), 
complex tracks along the DNA using a DNA helicase activity (D). When the site of base 
damage is encountered (E), UvrA protein dissociates from the complex leaving a stable 
(UvrB),-DNA complex (F). This is associated with bending and kinking of the DNA. 
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formation (Fig. 5-7) (152). (UvrA) 2 ( UvrB), complexes have a higher binding af- 
finity for damaged DNA than does UvrA alone. In contrast there are indications 
that the reverse is true for undamaged DNA (211). As indicated previously, the 
association constant for the specific binding of UvrA protein to a psoralen adduct 
in duplex DNA is ~5 X 10 7 M _l in the absence of ATP and UvrB protein (152). 
In the presence of these factors it increases to — I X 10 9 M _l (152), resulting in a 
significantly increased affinity for damaged relative to undamaged DNA. 

It has been suggested that the fundamental role of UvrA protein in nucleo- 
tide excision repair is to function as a "molecular matchmaker" which delivers 
UvrB protein to sites of distortive damage in DNA by the formation of a transient 
(UvrA) 2 ( UvrB), -DNA complex from which it rapidly dissociates, leaving a highly 
stable UvrB, -DNA complex (Fig. 5-7) (102, 130, 150, 154). The concept of mo- 
lecular matchmaking embodies the notion that UvrA protein serves as a transient 
component of a multiprotein complex and does not itself directly participate in 
biochemical events after the stable binding of UvrB protein at sites of base damage. 
It is for this reason that the UvrA protein is designated parenthetically in the term 
Uvr( A)BC endonudease. This concept is not without precedent. Molecular match- 
makers have been defined as a class of proteins which use the energy of ATP 
hydrolysis to effect conformational changes in one or both components of a binding 
protein-DNA target pair. They are believed to participate in key protein-DNA inter- 
actions in several distinct aspects of DNA metabolism, including replication, tran- 
scription, mismatch repair, and possibly recombination and transposition; it has 
been hypothesized that they provide a fundamental mechanism for high-avidity 
binding to DNA by proteins which cannot rely on sequence specificity for such 
interactions (130, 150). 

This model derives from several observations with respect to the UvrA- UvrB 
interaction. First, in the presence of UvrB protein, the transient 3 3 -bp (UvrA) 2 
footprint observed at a psoralen monoadduct is reduced to a stable smaller (19- 
bp) footprint thought to represent the binding of UvrB alone to DNA (14, 152, 
213). Second, when UvrA and UvrB protein are incubated in different proportions 
in the presence of UV-irradiated DNA and DNA-protein complexes are isolated 
and analyzed for protein content, the ratio of UvrA to UvrB (as bound protein) 
decreases as the amount of UvrA protein in the reaction mixtures is reduced, and 
it eventually becomes vanishingly small, suggesting that only UvrB protein is 
bound to the irradiated DNA. Under conditions of saturating UvrB protein, one 
UvrB molecule is bound per damaged site in a reaction that requires only catalytic 
amounts of UvrA protein (130). 

While there is a consensus among several laboratories that the (UvrA) 2 
(UvrB), complex participates in the process of damage-specific recognition, there 
is less consensus about exactly how this process transpires and the precise events 
by which a stable (UvrB), -DNA preincision complex ultimately assembles at sites 
of base damage. Using gel shift analysis with a 49-bp duplex oligonucleotide con- 
taining a benzoxyamine -modified AP site, it has been observed that the interaction 
of the (UvrA) 2 (UvrB,) protein complex with a benzoxyamine site results in three 
detectable intermediates, consistent with the presence of a Uvr( A) 2 -DNA complex, 
a (UvrA) 2 (UvrB),-DNA complex, and a (UvrB),-DNA complex (215). Similar re- 
sults have been obtained with a 96 -bp oligonucleotide substrate containing a ds- 
platin adduct in a defined position (218). The (UvrA) 2 complex bound to DNA 
containing a benzoxyamine site is short-lived, with a half life of — 1 5 s. However, 
the other two complexes, which include UvrB protein, have half lives of —2 h and 
appear to be in equilibrium (215). The relative amount of each is suggested to be 
dependent on the concentrations of UvrA and UvrB proteins, the nature and the 
amount of the damaged DNA, and the DNA concentration (215). These variables 
may contribute to the different efficiencies of incision by the UvrABC endonu- 
dease observed for different types of DNA damage (see below). 

The delivery; of UyrB protein to site^ of damage in UV-irradiated DNA- h^ 
an absolute requirement for ;-both:UvrA-pr6te^:and ATP-hydiroly$is?(lS 1 ). Effective 
loading of UvrB protein occurs in a limited range of UvrA protein concentration 
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(5 to 50 nM) and is inhibited at high concentrations. The rate of loading of UvrB 
protein is low {k^ = 6 X 10~ 4 M/s), suggesting that this step may be limiting for 
damage-specific incision of DNA. The K m of ATP hydrolysis during the loading of 
UvrB protein is very similar to that for ATP hydrolysis by UvrA protein alone, 
suggesting that ATP hydrolysis during this loading reaction is effected by UvrA 
protein (131). Consistent with this interpretation, substitution of the Lys residue 
with Ala in the invariant tripeptide GKS/T of the most N-tenninal and C-tenninal 
Walker type A boxes inactivates the ability of UvrA protein to hydrolyze ATP. 
These amino acid substitutions have a marginal effect on the ability of UvrA pro- 
tein to bind to damaged DNA, but they drastically reduce the ability of the protein 
to deliver UvrB protein to sites of base damage (117). 

Transient (Uvr A) 2 (UvrB ) , -DNA complexes have not been unambiguously 
detected, nor has the binding constant for (UvrB) r DNA been measured However, 
isolated (UvrB),-damaged DNA complexes are very stable, with a koa of 1.1 X 
10~< s" 1 , which extrapolates to a half-life of 2 to 3 h, depending on the particular 
type of base damage (130). Once a relatively stable (UvrA) 2 (UvrB) r DNA complex 
has formed, ATP hydrolysis by the activated UvrB ATPase function is thought to 
be accompanied by kinking and local denatu ration of the DNA and a concomitant 
change in the conformation of UvrB protein. These changes are believed to result 
in the tight binding of UvrB protein to sites of base damage and to the release of 
UvrA protein (Fig. 5-7) (1 54). Indeed, experiments that have exploited the ability 
of din u clear platinum compounds to both damage DNA and cross-link proteins 
have resulted in the identification of UvrB-platinum-DNA ternary complexes 
(214). Hence, while DNA damage recognition by UvrA protein is a process of 
relatively low specificity, extremely high specificity is attained by the UvrA-de- 
pendent binding of UvrB protein at sites of base damage. (UvrB), -DNA complexes 
have not been detected with undamaged DNA (170). 

Experimental evidence in support of conformational alterations associated 
with the binding of UvrB protein to damaged DNA comes from various sources 
(97, 226). Measurements of DNA unwinding in the presence of UvrA and UvrB 
proteins and ATP suggest the unwinding of as much as one full helical turn per 
Uvr protein-DNA complex (126, 226). This unwinding might be a direct effect of 
the binding of the Uvr proteins to DNA. There are certainly ample precedents in 
the literature for this. For example, during the formation of a stable protein-DNA 
complex, H. coli RNA polymerase has been shown to unwind the DNA helix by 
—17 bp. Similarly, catabolite gene activator protein and EcdKL endonuclease have 
been shown to unwind the helix during binding to specific cognate sequences 
(210). Alternatively, the Uvr proteins could unwind DNA via a DNA helicase ac- 
tivity. Evidence for such an activity as an intrinsic property of a UvrA-UvrB com- 
plex is discussed below. In addition to evidence of local denaturation of DNA, 
electron microscopy indicates that after formation of the (UvrA) 3 (UvrB ) , -DNA ter- 
nary complex the DNA is kinked by -130° (150, 180) (Color Plate 4). Further 
evidence in support of alterations in the structure of DNA upon its interaction 
with UvrB protein derives from flow linear dichroism studies (198). 

The UvrB footprint at sites of psoralen monoadducts in DNA is most pro- 
nounced on the undamaged strand, suggesting that UvrB protein makes more 
intimate contact with that strand. In support of this conclusion, it has been ob- 
served that E. coli DNA photolyase (which binds to the damaged strand at pyrim- 
idine dimer sites [see chapter 3J) does not inhibit damage-specific incision of UV- 
irra dialed DNA in the presence of the E. coli Uvr proteins; in fact, it stimulates the 
incision reaction (76, 149). Thus, the endonuclease apparently binds at the DNA 
face opposite to the one containing the adduct. The only distinctive effect on the 
damaged strand is the appearance of a DNase-hypersensitive phosphodiester bond 
(170). 

What specific detenninants guide the precise interactions of the 
(UvrA) 2 (UvrB), protein complex with damaged DNA? One possibility is that 
(UvrA-UvrB)! protein complexes randomly patrol the genome and that specific 
binding is guided by the affinity of UvrA for particular types of DNA distortions. 
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The more "correct" (i.e., distinctive from native DNA) the distortion, the greater 
is the probability of productive (UvrA) 2 (UvrB),-DNA complex formation, Le., one 
that leads to the dissociation of UvrA protein and the formation of a stable ( UvrB ) 
DNA complex. The formation and stability of productive intermediates may also 
be influenced by the extent to which the DNA distortion initially recognized is 
progressively modified during the course of these reactions. Stated differendy, it 
has been suggested (62, 226) that the DNA substrate may be progressively deter- 
mined by conformations imposed on it as the result of its interactions with the 
UvrA-UvrB protein complex. Hence, the initial conformational distortion in dam- 
aged DNA may simply serve to lower the K m for the binding of (UviA) 2 (UvrB) 1 
complexes (62, 226). This concept predicts a distinctive hierarchy for the kinetics 
of damage-specific incision of DNA substrates with different types of helix-distor- 
tive damage. Experiments with different types of base damage suggest that this is 
indeed the case (226). 

As indicated above, the difference in the affinity of UvrA protein for damaged 
and undamaged double-stranded DNA is low (a factor of only 10 3 to 10 4 ). Statis- 
tical considerations indicate that under conditions where only a single nucleotide 
in 10 7 (or fewer) is damaged, initial Uvr protein-DNA interactions will more prob- 
ably occur at undamaged than at damaged sites in DNA (64). These considerations 
have prompted consideration of a mechanism by which the initial formation of a 
nonspecific (UvrA) 2 (UvrB),-DNA complex is followed by translocation of the Uvr 
proteins to sites of distortive damage, yielding specific (UvrA) 2 (UvrB), -DNA com- 
plexes (58, 60, 61, 63, 64). 

It has in fact been shown that a UvrA-UvrB complex [presumably the 
(Uvr A) 2 (UvrB), complex discussed above] is capable of limited DNA helicase ac- 
tivity in the presence of ATP ( 127, 128). This helicase can unidirectionally unwind 
very short stretches of DNA duplexes and DNA D-loop structures with stria 5' -* 
3' polarity, and it is inhibited by the presence of bulky base damage in UV irra- 
diated DNA- While a DNA helicase could potentially function in several roles dur- 
ing nucleotide excision repair, the properties described above are consistent with 
a role in the translocation of a <UvrA) 2 (UvrB), complex from a site of relatively 
weak-affinity binding in DNA to the actual site of base damage, where the inhib- 
itory effect of a bulky adduct might arrest the complex. Consistent with this model, 
mutational alteration of the Lys-45 residue located in the Walker type A nucleotide 
binding motif of the UvrB polypeptide leads to defective ATPase and DNA helicase 
activity in UvrA-UvrB complexes and a failure to support the incision of UV -ir- 
radiated DNA (167). 

The ATPase that presumably drives the DNA helicase function of the UvrA- 
UvrB complex is believed to be cryptic in UvrB protein (6, 205) but becomes 
activated when it undergoes a conforrnational change associated with binding to 
UvrA protein and DNA (23). In keeping with this notion of a cryptic ATPase ac- 
tivity, UvrB* protein generated by proteolysis of UvrB protein in vivo possesses a 
DNA-dependent ATPase activity in the absence of UvrA protein (23). 

An interesting question is whether the (UvrA) 2 (UvrBh complex has pre- 
ferred sites of docking with DNA. By footprinting analysis it has been observed 
that the complex binds preferentially to the nontranscribed strand of promoter 
sites downstream from the RNA polymerase-promoter complex. This strand pref- 
erence is consistent with the 5' -+ 3' directionality of the UvrAB helicase activity 
(3) and suggests that the binding of RNA polymerase to promoter sites in DNA 
may provide a signal for selective landing sites for the (UvrA) 2 (UvrB) l complex on 
DNA (3). 

..iilta summary^ model (Fig. 5^7) which is consistent with 

the consensus experimental evidence is that the binding of dimeric UvrA protein 
* to UvrB protein involution leads to the assembly of a (Uvr A) 2 (UvrB ) t complex. 
This^complex t^ds to DNA nons v 

v ^ the ^ 
locates.^^u^ 

mechanism whereby the integrity of the genome is constantly monitored for base .... 
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^damage- :Mj::ti^g^C(dis. Such a patrolling mechanism is not limited to a three- 
dimensional diffusion process in solution but utilizes a mechanism which effec- 
tively decreases the volume of solution that must be "searched" by proteins while 
in a nonspecifically bound state (221). It has been suggested that when a site of 
base damage is encountered the (UvrA) 2 (UvrB)! complex unwinds and kinks the 
DNA in a particular manner, UvrA protein dissociates, and a stable (UvrB), -DNA 
complex is formed in which the DNA is now conformationally primed for incision 
(102, 150, 210). 

It remains to be determined precisely how sites of base damage facilitate the 
formation of stable (UvrB),-DNA complexes once such sites have been recognized 
and how these sites are distinguished from temporary changes in the local dynam- 
ics of undamaged DNA. This question is particularly pertinent when we consider 
the extremely broad range of substrates that are recognized by the UvrABC system 
in vitro (see below). An intriguing possibility is that the (UvrA) 2 (UvrB), complex 
recognizes lesion -imposed restrictions of the normal dynamic range of DNA (138). 
In other words, the complex may systematically scan the DNA for normal helical 
parameters by constantly inducing limited conformational changes in structure 
and testing these. Registration ("sensing") of normal binding interactions is fol- 
lowed by dissociation of the complex. However, any lesion which constrains some 
subset of conformations available to native DNA results in "jamming" of the pro- 
tein -DNA complex in a high-affinity conformation <138). Any structural modifi- 
cation of DNA that causes the (UvrA) 2 (UvrB), complex to unload UvrB protein 
onto DNA is recognized as a substrate for subsequent endonucleolytic incision 
(98). The attractive feature of this type of model is the suggestion that it requires 
alterations in the dynamics of the DNA helix imposed by base damage, rather than 
alterations in its shape or static structure to deterrnine substrate recognition (98, 
1 38). It has been suggested that a particular aspect of the dynamic state of DNA 
that may detenriine the formation of stable (UvrB), -DNA complexes in the pres- 
ence of multiple diverse types of base damage is an alteration in the energy of base 
stacking interactions in DNA (215). UvrB protein (which is quite hydrophobic) 
may "read" destabilized base stacking interactions in the damaged strand. In this 
regard it may be relevant that UvrB protein and single-stranded DNA-binding 
protein share limited regions of amino acid sequence homology (215). 

The uvrC* Gene and UvrC Protein 

The final step in the assembly of the catalytically active damage-specific endon- 
uclease in E. coli is the binding of UvrC protein to specific (UvrB ),-damaged -DNA 
complexes (Fig. 5-8). UvrC protein is the product of the wvrC + gene, which maps 
at 42 min on the E. coli genetic map. wvrO is one of two genes in a single operon. 
The more proximal gene encodes a protein of 23 kDa. It has been pointed out that 
the amino acid sequence of this 23-kDa protein is homologous with several known 
prokaryotic positive regulators of gene expression (122, 170). However, the pro- 
tein is apparently not involved in the regulation of uvrC. since its inactivation has 
no effect on the sensitivity of E. coli cells to UV radiation (110). 

In addition to its cotranscription with the gene for the 23-kDa protein, wvrC + 
is monocistronically transcribed from an internal promoter (54, 179). Like the 
uvrA+ and uvrB* genes, uvrC* is weakly expressed constitutively and there are 
only 10 to 20 molecules of the protein per cell (170). Unlike the other two uvr 
genes, however, uvrC is not inducible by DNA damage and is not a member of the 
SOS regulon (45, 56, 156). 

The wvrC* gene is expected to encode a polypeptide of 61 0 amino acids with 
a calculated size of —68.5 kDa (Table 5-1) (99). The amino acid sequence shows 
no remarkable features; nucleotide binding domains and zinc fingers are not pres- 
ent in the UvrC polypeptide (170). Purified UvrC protein is essentially neutral, 
with a pi of 7.3 (Table 5-1). It is a globular protein with a Stokes radius of 41 A 
(4. 1 nm) and an S value of 4.9 (Table 5-1 )( 1 70) . The purified protein has a strong 
tendency to aggregate and becomes inactivated on prolonged storage (204). 

UvrC protein does not associate with either UvrA or UvrB protein in solution, 
but it has a high affinity for the (UvrB), -DNA complex. The stoichiomctry of UvrC 
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Figure 5-8 Diagrammatic representation 
of bimodal damage-specific nicking of DNA 
by the E. coli UvrABC endonudease. Fol- 
lowing the formation of a stable (UvrB),- 
damaged-DNA complex (A and B) (see Fig. 
5-7), UvrC protein binds at the site (C) and 
induces a conformational change which en- 
ables bound UvrB protein to hick the DNA 
4 nucleotides 3' to the site of damage (D) 
(shown as a pyrimidine dimer). This reac- 
tion requires the binding of ATP (or 
ATPftS]) by UvrB protein, but no ATP hy- 
drolysis occurs at this step. Following the 3' 
incision, UvrC protein catalyzes nicking of 
the DNA 7 nucleotides 5' to the dimer (E). 



binding in this reaction is uncertain. When the UvrA, UvrB, and UvrC proteins 
are incubated with damaged DNA in the presence of ATP, specific incision of the 
DNA results. Incision can also be effected by the addition of purified UvrC protein 
to UV-irradiated DNA carrying a single molecule of UvrB protein specifically 
bound at each site of base damage (130). This incision reaction is relatively slow; 
it takes about 2 min to complete in the presence of a vast molar excess of UvrC 
protein, a curious observation since in vivo UvrC protein is present in very low 
abundance (Table 5-1). ATP is required for the incision of damaged DNA when 
UvrC protein is added to the (UvrB), -DNA complex (Fig. 5-8). but there is no ATP 
hydrolysis. Indeed, the requirement for a nucleotide cofactor in the incision re- 
action can be supplanted by nonhydrolyzable analogs of ATP, suggesting that nu- 
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deotide binding causes a conformational change which is required for damage - 
specific incision (131). 

DNA INCISION IS BIMODAL 

For a disquieting number of years (in retrospect), molecular models of nucleotide 
excision repair in E. coli invoked one strand break exclusively on the 5' side of the 
sites of base damage. The chief imperative for this model was the known propen- 
sity for E. coli DNA polymerase I to degrade DNA at nicked sites in the 5' -> 3' 
direction by a process called nick translation. Hence, it was intuitively persuasive 
that the combined actions of a 5' DNA damage-specific endonudease, the 5' -» V 
exonudease of DNA polymerase I, and DNA polymerase I-catalyzed repair syn- 
thesis, could account fully for the mechanism of nudeotide excision repair of dam- 
aged DNA and this biochemical issue was considered essentially solved. However, 
when DNA sequencing gels were used to define the precise location of UvrABC 
protein-dependent incisions relative to pyrimidine dimers in DNA the surprising 
and unexpected observation was first made by Sancar, Rupp, and coworkers (146, 
151) that the damaged strand contained nicks on both sides of each dimer (Fig. 
5-8), an observation confirmed by others (2 30, 23 1 ) . Historically it is now amusing 
to recall that these investigators were as surprised by this result as the rest of the 
sdentific community. Wedded to the 5' incision model in vogue at the time, they 
sequenced the damaged DNA strand labeled at one end. Sequencing of the same 
strand carrying a radiolabel at the other end was carried out to confirm the location 
of the presumed single incision but, instead, led to the seminal observation that 
there were in fact two nicks flanking each darner she. As discussed in later chapters, 
bimodal incision is apparently universal in nature during nudeotide excision re- 
pair. 

The complete UvrC polypeptide is not required for this incision reaction. The 
presence of the C -terminal 314 amino adds is suffident to confer resistance to 
killing by UV radiation in uvrC mutants (100) (Fig. 5-9). Additionally, when the 
portion of the uvrC gene that encodes this region is fused to a gene that encodes 
mahose -binding protein, the fusion protein results in efficient nicking of UV-ir- 
radiated DNA in the presence of the UvrA and UvrB proteins (100). 

The l^ABC damage-spedfic endonudease rypicafiy hydroryzes the eighth 
phosphodiester bond 5' to pynimdine dimers or (6-4) photoproduos in UV-irra- 
diated DNA (6^130) (Fig. 5-8 and Color Plate 5). The sites of incision 3' to these 
lesions are more variable. Incision occurs at the fifth phosphodiester bond 3' to 
all pyrimidine dimers (Fig. 5-8) and at the fourth phosphodiester bond 3' to (6- 
4) photoproducts (151, 195, 230). In DNA containing cisplatin diadducts the 3' 
incision site is almost exdusively at the fourth phosphodiester bond (10). DNA 
containing either psoralen monoadducts (either pyrone or furone), N-acetoxyace- 
tylaminofluorene, cydohexylcartwdiimide, 4-nitroquinoIine-l -oxide, or mito- 
mycin monoadducts is cut at the fifth 3' phosphodiester bond. 

The precise locations of both 5' and 3' incisions can also be affected by DNA 
sequence context. For example, with both (6-4) photoproducts and pyrimidine 
dimers, incisions have been observed as dose as the sixth bond on the 5' side of 
lesions and as removed as the sixth phosphodiester bond on the 3 ' side depending 
on the particular DNA sequence context in which these lesions are located (118). 
Additionally, when DNA fragments were constructed in which acetylaminoflu- 
orene adducts were specifically introduced at each of three different guanine res- 
idues in the sequence -GGCGCC-, major differences were detected in the effidency 
of DNA incision following incubation with the UvrABC endonuclease (164). In 
contrast, all three adducts were recognized with equal effidency as judged by 
DNase I protection experiments (164). 

Site-specific mutagenesis of the UvrC and UvrB proteins has led to the im- 
portant condusion that the incision process is not a concerted one. The 3' incisions 
are apparently effected by UvrB protein, and this incision precedes the 5' cut 
catalyzed by UvrC protein (Fig. 5-8) (97, 101). Hence, in effect there are two 
physically distinct endonudease activities in the E. coli UvrABC enzyme. This, too, 
might turn out to be universal. As will be seen in the next chapter, two endonu- 



Color Plate 1 Space-filling model of an oligonucleotide containing a thymine dimer, 
showing proposed contact sites for E. coli DNA photolyase. A photolyase footprint generated 
by digestion with methidium propyl-EDTA-Fe(n) is shown in the cyan color. The red color 
indicates phosphates and N-7 atoms of guanine that are implicated in contacting the en- 
zyme. The yellow color represents the cyclobutane ring of the pyrimidine dimer. (Repro- 
duced with permission from L Husain, G. B. Sancar, S. R. Hoibrook, and A. Sancar. 1987. 
Mechanism of damage recognition by Escherichia coli DNA photolyase. J. B'wL Chem. 262: 
13185-13197. Photograph courtesy of A. Sancar.) 



Color Plate 2 (Top) Schematic stereo representation of the 178-amino-acid C-tenninal 
fragment of the E. coli Ada protein. The secondary -structure elements (a-helices and random 
coils) of the N-terminal region of this fragment are shown in blue, and of the C -terminal 
regions arc shown in red and green. The side chains of the amino acid residues in the C- 
terminal domains shown as ball and stick are conserved in the sequences of 10 different O 6 - 
alkyltransferase proteins from several prokaryotes and eukaryotes. (Bottom) Space-filling 
model of the structure shown in the top part of the plate using the identical orientation of 
display and the same color coding. The yellow speck represents the side chain of the active- 
site cysteine Cys-321 in the native protein, which is buried in the center of the fragment. 
(Reproduced with permission from M. H. Moore. J. M. Gulbis, E. J. Dodson, B. Demple, 
and P. C. E. Moody. 1994. Crystal structure of a suicidal DNA repair protein: the ada 0 6 - 
methylguanine-DNA methyltransferase from E. coli. EMBO J. 13:1495-1501. Photograph 
courtesy of M. Moore.). 



Color Plate 3 Ribbon representation of the proposed structure of the E. coli Nth protein 
(endonudease HI) showing the bilobal organization of the elongated polypeptide separated 
by a deep deft. The amino acid residues shown in red are identical in the Nth and homol- 
ogous MutY proteins (see Fig. 4-15). Green residues are conserved in the two proteins, 
while blue residues are not homologous. Endonudease in contains an iron (shown in 
brown)-suIfur (shown in yellow) duster, which is bound entirely within a C-terminal loop. 
(Photograph courtesy of R. Cunningham.) 




Color Plate 4 Electron micrograph showing kinking of DNA molecules at the point of 
UvtB protein binding. DNA bound to wild-type protein is severely kinked (left). A mutant 
form of UyrB protein in which the amino add residue Asp-478 was replaced by Ala elimi- 
nates the bending of DNA while still allowing loading of the protein by UvrA protein at a 
site of base damage (right). (Reproduced with permission from D. S. Hsu. M. Takahasht E. 
Delagoutte, E. Beraand-Burggrai Y. H. Wang, B. Norden, R. P. P. Fuchs, J. Griffith, and A. 
Sancar. 1994; Flow linear dichroism and electron microscopic analysis of protein-DNA com- 
plexes of a mutant DvrB protein which binds to but cannot kink DNA. J. MoL Biol 241:645- 
650, and Q. Shi R. Thresher, A. Sancar, and J. Griffith. 1992. Electron microscopic study 
of (A)BC exdnudease. DNA is sharply bent in the UvrB-DNA complex. /. Mai Biol 226:425- 
432. Photograph courtesy of A. Sancar.). 




Color Plate 5 Energy-minimized structure for duplex DNA con- 
taining a thymine-thymine cydobutane dimer. The structure has 
been oriented to display a helical kink of 27° and unwinding of 
19,7° associated with the presence of the dimer (magenta). Sites 
of anticipated Uvr ABC -mediated endonucleolytic cleavage are 
shown at the eighth phosphodiester bond (red) 5' to the dimer 
and the fourth or fifth phosphodiester bonds (red) 3' to the dimer. 
(Reproduced with permission from B. Van Houten, H. Gamper, S. 
R. Holbrook, J. E. Hearst, and A. Sancar. 1986. Action mechanism 
of ABC excision nuclease on a DNA substrate containing a psor- 
alen crosslink at a defined position. Proc. NatL Acad. Sci. USA 
83:8077-8081. Photograph courtesy of A. Sancar.) 




Color Plate 6 Space-filling model of DNA incorporating a psor- 
alen cross-link, based on energy minimization structure. The 
cross-link unwinds the helix by 87. T and produces a 46.5° helical 
kink. (Reproduced with permission from D. A. Pearlman, and S. 
R. Holbrook. 1985. Molecular models for DNA damaged by pho- 
toreaction. Science 227:1 304-1 308. Photograph courtesy of A. San- 
car.) 




Color Plate 7 Mapping of the XPG gene to human chromosome 13q33 by fluorescence 
in situ hybridization. Both of the chromosomes showing the positive hybridization signal 
(red dots) are chromosome 13. (Reproduced with permission from S. Samec, T. A. Jones, 
J. Corlet, D. Scherly, R. D. Wood and S. G. CLarkson. 1994. The human gene for xeroderma 
pigmentosum complementation group G {XPG) maps to 13q33 by fluorescence in situ hy- 
bridization. Genomics 21:283-285. Photograph courtesy of R. Wood.) 




Color Plate S Space-filling model of the E. coti DNA polymerase IH (J-subunit dimer with 
B-fonn DNA. One monomer is colored red. and the other is colored yellow. The radii of the 
spheres correspond to the van der Waals radii of the corresponding atoms. Hydrogen atoms 
are not explicitly displayed but manifest as increased radii for atoms to which they are 
bonded. The B-form DNA is shown passing through the hole in the P subunit dimer with 
no steric repulsions. (Reproduced with permission from X.-P. Kong, R. Onrust, M. CDon- 
nell and J. Kuriyan. 1992. Three-dimensional structure of the p subunit of H. coli DNA 
polymerase Iff holoenzyme: A sUding DNA damp. Cell 69:425-437. Photograph courtesy of 
John Kuriyan.) 



Color Plate 9 Clinical features of xeroderma pigmentosum (XP) . (A) The disease typically 
presents with severe pigmentary disturbances on the sun-exposed areas of the skin. (B) 
Note that areas not normally exposed to sunlight are not affected. (C) These dinical features 
can present at a very early age. (D) The eyes are also frequently affected. Hie individual 
shown here has clouding of the cornea and atrophy and loss of lashes from the lower eye 
lid. (Reproduced with permission from K. H. Kraemer. Progressive degenerative diseases 
associated with defective DNA repair: xeroderma pigmentosum and ataxia telangiectasia, p. 
37-71. In W. W. Nichols and D. G. Murphy (ed.), DNA repair processes. Symposia Specialists. 
Miami 1977). 



Color Plate 10 (A and B) Frontal and side views of the face of a young boy with tricho- 
thiodystrophy (TTD). Note the sparse broken scalp hair, eyebrows and eyelashes, the thick- 
ened epicanthal folds, the protruding ears and the receding chin. (C) View of the trunk of 
this same patient. Note the large ichthyotic (fish-like) scales on the anterior pan of the trunk 
and the atopic eczema in the armpits. (Reproduced with permission from V. H. Price, R. B. 
Odom, W. H. Ward, and F. T. Jones. 1980. Trichothiodys trophy: sulfur-deficient brittle hair 
as a marker for a neuroectodermal symptom complex. Arch, DermatcL 166:1375-1384. Pho- 
tograph courtesy of V. Price.) 




Color Plate 11 Some of the clinical features of ataxia telangiec- 
tasia (AT). (A) The conjunctiva of the eye of an individual showing 
telangiectasia (abnormal dilatation of blood vessels). (B) This 22- 
yeax-old patient has severe ataxia and is wheelchair bound. (Re- 
produced with permission from K. H. Kraemer. Progressive degen- 
erative diseases associated with defective DNA repair: xeroderma 
pigmentosum and ataxia telangiectasia, p. 37-71. In W. W. Nichols 
and D. G. Murphy (ed.) DNA repair processes. Symposia Specialists, 
Miami. 1977.) 
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Color Plate 12 Patients with Bloom's syndrome (BS) typically have a butterfly distribution 
of light-induced capillary dilatation of the skin of the face. (Photograph courtesy of J. Ger- 
man.) 
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Figure 5-9 The C-terminal 314-amino-add UvrC 
polypeptide is able to participate in nucleotide ex- 
cision repair. (A) Transformation of a recA wvrC mu- 
tant with a plasmid that encodes the truncated 
UvrC protein restores resistance to UV radiation to 
levels comparable to that observed following trans- 
formation with a plasmid that encodes the wild- 
type UvrC protein (610 amino acids). (B) A 137- 
mer duplex DNA fragment containing 32 P radiolabcl 
at the sixth phosphodiester bond 5' to a psoralen 
monoadduct was incubated with the indicated pro- 
teins, and the reaction was analyzed on a DNA se- 
quencing gel. Following autoradiography of the gel 
an excised radiolabeled 12-mer oligonucleotide was 
observed as a product of the reactions with both the 
normal and the truncated UvrC protein. {Adapted 
from Lin and Sancar [100].) 



cleases, in this case encoded by three distinct genes, have been implicated in nu- 
cleotide excision repair in the yeast S. cerevisiae. 

These observations in E. coli provide a reasonable explanation for the obser- 
vation of 3'-uncoupled incision of DNA with aged UvrC protein and with certain 
DNA substrates (102). Furthermore, the notion of uncoupled incisions provides a 
tenable explanation for the long-standing observation that uvrC mutant strains 
can still support some rucking of UV irradiated DNA, whereas uvrA and uvrB mu- 
tants cannot The stoichiometry of incision by UvrB and UvrC proteins is one 
molecule of each protein per damaged site. 

Incision is a relatively slow reaction which proceeds at a rate of 10 4 M^s -1 
( 1 32) . Like many of the biochemical events that precede incision, the incision step 
itself is dependent on the presence of ATP. However, in contrast to the formation 
of the <UvrA) 2 (UvrB) l and (UvrB),-DNA complexes, the hydrolysis of ATP is not 
essential for DNA incision, and ATPfrS] can be substituted for ATP during this step 
(154). 

Substrate Specificity of the UvrABC Endonuclease 

In contrast to the largely nondistortive modifications of bases that are recognized 
by DNA glycosylases, the majority of the numerous chemicals to which uvr mu- 
tants are sensitive share with UV radiation the capacity for generating bulky base 
adducts which can cause significant distortion of the DNA helix (Table 5-3). One 
study has shown that a pyrimidine dimer unwinds the helix by 19.7° and intro- 
duces a kink of 27° which protrudes into the major groove of DNA (134). Addi- 
tionally, one- and two-dimensional gel electrophoresis and quantitative electron 
microscopy studies of DNA fragments of known sequence containing thymine 
dimers in defined positions indicate that pyrimidine dimers cause a bend of —30° 
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Table 5-3 Substrates for the UvrABC endonudease of £. coli 



DNA-damaging agent Adduct<s) 



Ar-acetoxy-2-acetyiaminouuorene 


v.-o-vjuaiimc 


Anthramycin 


.A/-2- Guanine 


AP sites 




AP sites (reduced) 


Ring opened AP site 


Alkoxamine- modified AP sites 


>V i blue ailalUg 


Benzoyl pyrenediolepoxide 


JV-2-Guanine 


CC-1065 


N-3-Adenine 


Cisplatin and transplatin 


N-7- Guanine 


Cydobexylcarbodiimide 


Unpaired G and T residues 


Ditercalanium 


Noncovalent bisintercalator 


Doxorubicin and AD 32 


Intercalated compounds 


N-h ydroxyaminoflu orene 


C-8- Guanine 


N / AT-bis(2-chloroethyl)-N f -nitrosourea 


Bifunctional alkyiation 


AT-methyl-A/' -mtro-N-rutrosoguanidine 


O^Methylguanine 


Mitomycin 


N-7-Guanine 


Nitrogen mustard 


Bifunctional alkyiation 


4-Nitroquinotine- 1 -oxide 


C-8, N-2-Guanine 




N-6-Adenine 


6-4 Photoproduct 


C-6, C-4-PyC 


Psoralen 


C-5, C-6 -Thymine 


Pyrimidine dimer 


C-5, C-6-Pynrnidine 


Thymine glycol 


C-5, C-6 -Thymine 



Source: Adapted from Van Houten (210). 



in DNA (75). There is also evidence for structural deformation of DNA containing 
the bulky monoadduct acetylaminofluorcne (1 59). 

DNA cross-links are particularly distortive. Space- filling models suggest that 
a psoralen cross-link unwinds the DNA duplex fay 87. 7°, causes a 46.5° helical kink, 
and displaces the helical axis by 3.49 A (0.35 nm) (134) (Color Plate 6). This model 
has been largely confirmed by using two-dimensional nuclear magnetic resonance 
spectroscopy (NMR) (206) and electron microscopy (181). Finally, studies on DNA 
treated with a different aoss-linking agent (cisplatin) indicate that the adduct ds- 
[Pt(NH 3 ) 2 -(dpGpG)] kinks the DNA into the major groove by 50 to 60° and un- 
winds it by 40 to 60° (85). 

There has been considerable emphasis on conformational distortion of DNA 
structure as a crucial element for damage-specific recognition leading to the pro- 
ductive incision of DNA. However, in vitro studies have demonstrated that the 
coli damage-specific endonudease has a range of substrate specificity that includes 
base damage which is not considered distortive (138, 170, 210, 215). Thus, for 
example, lesions such as AP sites, thymine glycols, and O-methylguanine are rec- 
ognized as substrates by the enzyme (84, 93, 138, 168, 170, 193, 199, 210, 215, 
220). Single-nucleotide mismatches and even larger loops caused by mispairing, 
as well as naturally bent DNA, are not productive substrates for the UvrABC en- 
donudease, however (170). Intercalating agents such as ethidium bromide and 
chloroquine result in binding sites in DNA for UvrA protein, but the addition of 
UvrB and UvrC proteins does not lead to indsion in these instances. In fact, trap- 
ping of UvrA protein in nonproductive protein-DNA complexes containing inter- 
calated chemicals can result in the inhibition of nudeotide excision repair. This 
phenomenon possibly explains the well-known observation that caffeine is an 
inhibitor of DNA repair (169). 

In general these observations are consistent with the suggestion that many 
types of base damage are recognized with differing affinities by the UvrABC en- 
donudease and that the K m for binding varies as a function of the type and extent 
of helix distortion produced. Alternatively, as discussed above, perhaps productive 
binding of UvrB protein to DNA results only when base damage precludes the 
adoption of spedfic conformational constraints imposed by the protein on native 
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DNA thereby freezing the protein-damaged DNA complex in place, or when UvrB 
protein specifically recognizes alterations in base-stacking interactions in DNA. 
Earlier in the chapter, we referred to the presence of a giycine-rich region at the 
C terminus of the UvrA protein. Glycine and alanine residues allow for more 
accessible conformations of proteins (106). Hence, it has been suggested that this 
feature of UvrA protein might facilitate a flexible induced-fit mechanism for the 
specific recognition of many different types of base damage (62). 

Roles of ATP in Damage- Specific Incision 

It is evident from the preceding discussion that ATP is essential for damage-specific 
incision during nucleotide excision repair in E. coli (62, 64, 152, 210). This high- 
energy compound appears to play several roles in this process, reflecting the fact 
that ATP is not only a source of energy but is also a ligand whose binding causes 
conformational changes in the Uvt proteins. The key steps in which ATP partici- 
pates can be summarized as follows. 

(i) ATP increases the dimerization constant of the UvrA subunit and is ap- 
parently bound rather than hydrolyzed in this process, since nonhydrolyzable ATP 
analogs can substitute for ATP. 

(ii) ATP is essential for the formation of the (UvrA^UvrB), complex. Non- 
hydrolyzable ATP analogs cannot substitute for ATP in this event Hence, more 
than simple binding of ATP is apparently involved here. 

(iii) ATP is necessary for the formation of a specific (UvrB), -DNA complex. 

(iv) Some form of a UvrAUvrB complex [possibly (UvrA) 2 (UvrB)!] hydro- 
lyzes ATP in order to drive a DNA helicase activity. 

(v) ATP is necessary for the bimodal incision of DNA. 

Role of Proteolysis in the Regulation of DNA Incision 
by the UvrABC Endonuclease 

As already indicated, a proteolysis product of UvrB protein has been detected in 
cell extracts of E. coli. This degradation product UvrB* protein (24),is capable of 
interacting with UvrA protein and exhibits a DNA-dependent ATPase activity. 
However, the UvrAUvrB* complex is devoid of DNA helicase- ATPase activity and 
does not facilitate incision of DNA in the presence of UvrC protein (24). A protease 
that cleaves UvrB protein in vitro has been identified as OmpT protease, which is 
also involved in the cleavage of Ada protein (see chapter 3) (6, 161). It has been 
suggested that specific proteolysis of UvrB protein might regulate incision of DNA 
in vivo, thereby protecting the genome from spurious cutting of undamaged DNA 
if the intracellular levels of Uvt proteins are abnormally elevated for any reason. 
Additionally, or alternatively, proteolysis of UvrB protein in vivo might conceiv- 
ably facilitate turnover of the UvrB -UvrC -DNA complex following damage-specific 
incision and of unproductive complexes that are improperly constituted or bind 
to sites that cannot be cleaved (24). However, many proteins have been observed 
to be deaved by the OmpT protease in vitro during cell lysis (70), and at present 
there is no convincing biological evidence in support of proteolysis as a mechanism 
for regulating nucleotide excision repair in B. coli. 

Summary of Damage- Specific Incision during 
Nucleotide Excision Repair in E. coli 

Damage-specific incision of DNA is a biochemically complex process, even in a 
simple prokaryote like E. coli. This complexity derives from the stochastic nature 
of base damage to DNA. As a consequence, living cells cannot rely on DNA se- 
quence for the specificity of protein-DNA interactions and have evolved an elab- 
orate multistep process during which the ordered assembly of DNA-protein com- 
plexes provides an architectural specificity which cuscrmiinates damaged from 
undamaged sites. Much is still to be learned about precisely how this specificity is 
achieved, and the UvrABC endonuclease of E. coli will certainly continue to serve 
as a primary instructional model for understanding the detailed biochemical mech- 
anisms of nucleotide excision repair. 
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Figure 5-10 (A) Mutants defective in the 
uvrD gene show a reduced rate and extent 
of loss of thymine-containing pyrimidine 
dimers from DNA. (B) Such mutants are 
also abnormally sensitive to UV radiation, 
but they are not as sensitive as mutants de- 
fective in the uvrA gene. (Adapted from 
Friedberg (45a] with permission,) 



Postincisional Events — Excision of Damaged Nucleotides, 
Repair Synthesis, and DNA Ligation 

The demonstration of a bimodal incision mechanism led to the realization that the 
actual excision of base damage during nucleotide excision repair in E. coli requires 
the release of the oligonucleotide fragment defined by these incisions and of the 
bound UvrB and UvrC proteins. The UvrBUvrC complex does not turn over at a 
detectable rate in vino (25, 152, 170). However, such turnover clearly takes place 
in living cells. For example, when UV-irradiated E. coli cells are held in liquid after 
exposure to UV radiation (liquid holding recovery), thousands of pyrimidine dimers 
are excised over several hours (200). 

The phenomenon of liquid holding recovery is not observed in E. coli mutants 
which are defective in the polA* or uvrD* genes (200). This observation prompted 
an examination of Pol I and UvrD proteins in the presence of the UvrABC proteins. 
Purified Pol I and UvrD proteins increase the extent of DNA incision, consistent 
with increased turnover of the UvrBUvrC incision complex (25, 77, 89). It is not 
clear whether both proteins are absolutely required for this effect since stimula- 
tion can be achieved with just one or the other under certain experimental con- 
ditions (170). However, maximal stimulation requires both Pol I and UvrD pro- 
teins. 

These observations are supported by biological studies. Whereas uvrD mu- 
tants of E. coli are not totally defective in DNA incision, these mutants display 
abnormally low rates of incision in semi- in vivo experimental systems, e.g., in cells 
permeabilized with detergents (II). In addition, intact UV-irradiated uvrD mutant 
cells manifest a reduced rate of excision of pyrimidine dimers (87, 140, 141,216) 
(Fig. 5-10). Consistent with an auxiliary role of UvrD protein in nucleotide exci- 
sion repair, mutant strains that are entirely defective in UvrD protein are not as 
sensitive to UV radiation as are uvrA. uvrB, or uvrC mutants (225) (Fig. 5-10). 

Role of UvrD Protein (DNA Helicase II) and 
Pol I in Excision and Repair Synthesis 

THE uvrD* GENE 

The gene that encodes UvrD protein was independently identified in a number of 
different studies and hence was initially given redundant genetic designations. A 
UV-sensitive mutant of E. coli was shown to be distinct from mutants defective at 
the uvrA, uvrB, and uvrC loci, and the relevant gene was designated uvrD* (125). 
Subsequently a strain containing a mutant allele called mutU which conferred 
increased UV radiation sensitivity and an increased spontaneous mutation fre- 
quency, was isolated (186). At about the same time, other mutant alleles called 
uvrE, which conferred very similar phenotypes, were identified (190), and yet 
another locus that affects genetic recombination was designated red (72). This 
genetic complexity was resolved when it was shown that uvrE, red, mutU, and 
uvrD are all alleles of the same gene, which is located at about 84 min on the E. 
coli genome (92). 

The uvrD* gene has been cloned (7, 103, 123), and plasmid or phage veaors 
carrying the gene complement the UV radiation sensitivity of recessive uvrD, uvrE, 
and red mutations (7, 103, 123). Analysisof the polypeptides expressed from these 
veaors has identified the produa of the uvrD* gene as a single polypeptide of 
~75-kDa, with a DNA-dependent ATPase activity (7, 88, 91, 103, 123, 124). A 
known DNA-dependent ATPase of E. coli with the same molecular mass was pre- 
viously designated as DNA helicase II (91). It is now firmly established that UvrD 
protein and DNA helicase II are one and the same, and henceforth we shall refer 
to this protein as DNA helicase II. 

Like the uvrA* and uvrB* genes, me j^/?^ gene is indu 
When E. coli cells are treated with mitomycin or nalidixic acid (weil-estabiished 
inducers of SOS-regulated genes Isee chapter 10]), the level of DNA-dependent 
ATPase aaivity increases four- to sixfold (88). This increase is not observed in recA 
mutants defective in the SOS response (103). Additionally, the promoter region 
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of the uvrD* gene has been shown to contain a canonical LexA protein-binding 
site (91). 

The addition of Pol I and DNA helicase II to the UvrABC endonuclease- 
mediated reaction in vitro does not alter the initial rate of DNA incision. This rate 
(~0.3 incision per min) is apparently determined by the kinetics of assembly of 
the UvrBUvrC complex, after which a lower secondary rate (—0.1 incision per 
min) is established. This lower rate is the product of multiple reactions, some of 
which involve Pol I and DNA helicase n proteins and include displacement of UvrB 
and UvrC proteins, dissociation of the oligonucleotide, repair synthesis of DNA, 
and the reloading of Uvr proteins on the DNA at new sites of damage (Fig. 5-11). 
This second steady-state rate results in the excision of -0.08 dimers per min, a 
rate that reasonably approximates the rate measured in vivo (—0.25 dimer excised 
per min) (77, 152). 

The precise mechanism by which Pol I and DNA helicase II effect the turn- 
over of UvrB and UvrC proteins and displacement of the damage-containing oli- 
gonucleotide is not dear. Footprinting studies with the Uvr proteins plus Pol I and 
DNA helicase II do not reveal the presence of a large multiprotein complex. There- 
fore, there is no experimental evidence in support of a stable large protein machine 
(''rerwdrosome'') comprising the UvrB and UvrC proteins, Pol L DNA helicase n, 
and possibly DNA ligase (152). However, DNA foomriirting would not detect short- 
lived complexes, and such a large multiprotein complex may exist transiently. 

DNA helicase n is required for the release of the oligonucleotide fragment 
and of UvrC protein from the postincision complex. Other E. coli DNA helicases 




Figure 5-11 Model for postincisional 
events during nucleotide excision repair in 
E. coli. DNA helicase Q* (UvrD protein) is re- 
quired for the release of an oligonucleotide 
fragment (excision) following bimodai in- 
cisions generated by the UvrABC endonu- 
dease and for the displacement of UvrC 
protein (A and B). UvrB protein remains 
bound to the gapped DNA during the ex- 
cision reaction and is released during the 
repair synthesis reaction catalyzed by Pol 1 
(C). DNA ligation completes the nucleotide 
excision repair reaction (C). 
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cannot substitute for this function, suggesting that this is a specific function of 
DNA helicase n (132). It is not known whether these displacement reactions re- 
quire that DNA helicase n specifically interact with the Uvr proteins in the postin- 
cision complex or with the nicks that are generated during the incision process. 
The latter possibility is certainly feasible, since studies with purified DNA helicase 
n have demonstrated its ability to initiate the unwinding of duplex regions at nicks 
when it is present in sufficiently high concentrations (143, 144). UvrB protein is 
not displaced during the excision reaction but apparently remains bound to the 
gapped DNA ( 1 32) and is released only when Pol I and substrate deoxynucleoside 
triphosphates (dNTPs) for repair synthesis are present (Fig. 5-11 ). It appears, then, 
that following incision, DNA helicase H releases UvrC protein and the damage- 
bearing oligonucleotide, leaving a UvrB-gapped-DNA complex in which UvrB pro- 
tein presumably protects the single-stranded DNA from nonspecific degradation. 
Pol I binds to the 3' OH terminus generated at the 5' incision and displaces bound 
UvrB protein during the course of repair synthesis (132) (Fig. 5-11). 

When Pol I and DNA helicase n are present in an excision repair reaction 
together with DNA ligase, a repair patch of 12 nucleotides is observed ~90% of 
the time. The repair patch size has been accurately determined in vitro by a novel 
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Figure 5-12 Assay to measure the size of the re- 
pair patch generated during in vitro nucleotide ex- 
cision repair in £. coIL The plasmid DNA substrate 
contains a single psoralen adduct (circled T) in a 
defined position contained within a PvuH (P) re- 
striction fragment. This substrate is incubated in 
four separate reactions, each containing the 
Uvr ABC endonudease, E. coU Pol L DNA ligase, 
three unlabeled dNTPs, and one dNTPfrSJ. The 
dNTPs and dNTPfrS] are varied between reactions. 
Following the reaction the DNA is digested with 
PvtOL The resulting 322 -bp DNA fragment is end 
labeled with polynucleotide kinase and heated in 
the presence of iodoethanol. This compound eth- 
ylates the phosphorothioate groups incorporated 
during repair synthesis and makes them sensitive to 
hydrolysis at high temperature. The DNA fragment 
is then analyzed on a sequencing gel generating a 
sequence ladder of the repair patch. The sequence 
of the entire repair patch can be unambiguously 
read, and its size can be accurately measured. 
{Adapted from SibgHat-Ullah. et al [185])- 
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and elegant technique for measuring repair synthesis (185) (Fig. 5-12). A plasmid 
substrate containing a single psoralen monoadduct in a unique location was used 
as the substrate for nucleotide excision repair in the presence of UvrABC endon- 
uclease, Pol L and DNA ligase (without added DNA helicase H). Repair synthesis 
is carried out in the presence of a dNTP carrying sulfur instead of phosphorus in 
the a position, resulting in a DNA product with phosphorothioate bonds. These 
bonds are preferentially cleaved by heating the DNA in the presence of iodoe- 
thanol. Hence, if a restriction fragment of the DNA bearing the entire repair patch 
is end labeled with **P, sites of phosphorothioate cleavage can be identified on a 
DNA sequencing gel. When repair synthesis is carried out in four sequential re- 
actions, each in the presence of a single thiotriphosphate, the composite sequence 
ladder will be confined to the region of repair synthesis. 

From these results it has been concluded that nick translation catalyzed by 
the 5' -* V exonuclease of E. coli Pol I is not required during nucleotide excision 
repairs in vitro. Several factors have been implicated in the generally stria avoid- 
ance of nick translation during repair synthesis. For one thing, it turns out that 
the excision gap size of ~12 nucleotides is about the length of the optimal pro- 
cessivity of Pol I (222). It has also been suggested that DNA helicase n may move 
with Pol I in the direction of repair synthesis (but on the opposite strand), and 
may somehow facilitate displacement of Pol I once the gap is filled (154). 

The failure to observe nick translation during repair synthesis associated with 
nucleotide excision repair is at first glance difficult to reconcile with the observa- 
tion that mutants (called polAex) which are defective in the 5' -» 3' exonuclease 
function of Pol I are abnormally sensitive to UV radiation (34). However, it would 
appear that this phenotype is not the result of defective repair synthesis associated 
with defective nick translation but, rather, stems from qualitatively abnormal re- 
pair synthesis by the Pol I encoded by the polAex allele, resulting in a frequent 
failure to insert the last nucleotide during the gap-filling process and, at a lower 
frequency, in strand displacement which allows for prolonged synthesis by the 
polAex polymerase (222) (see the next section). Another possible explanation for 
the UV radiation sensitive phenotype in polAex mutants is that the 5' -» 3' exo- 
nuclease function of £ coti Pol I plays a role in some other aspect of excision repair. 
One such possible role is suggested by the phenomenon of long patch excision 
repair. 

LONG-PATCH EXCISION REPAIR OF DNA 

A small fraction of the repair synthesis patches in E. coli are much longer than 12 
nucleotides and can in fact be longer than 1,500 nucleotides (35, 86). The process 
whereby these tracts are generated is referred to as long patch excision repair to 
distinguish it from the more general short patch repair mode (36) associated with 
the conventional nucleotide excision repair pathway which is the central theme 
of this chapter. The observation of long repair patches implies that under some 
circumstances repair synthesis is preceded or accompanied by extensive degra- 
dation of DNA 

Long-patch repair differs from short patch repair in its absolute requirement 
for the SOS inducible response (35) already alluded to on several occasions and pre- 
sented fully in chapter 10. Independent evidence for an inducible pathway of 
nucleotide excision repair comes from the observation that the completion of at 
least some fraction of the repair events initiated by the uvrA+, uvrB+, and uvrC* 
genes in vivo requires the recA + and lexA* genes, as well as the capacity for protein 
synthesis (233). 

The frequency pf^^ 
irj certain mutants (140) and in mutants defective in the 5' 3' exonuclease 
function of Pol I (34). The molecular mechanism and physiological significance of 
normally occurring long patch excision repair are not known. In E. coli cells in 
which the SOS system is induced, this excision repair mode correlates with a more 
rapid recovery of semiconservative DNA synthesis and with cell survival after UV 
irradiation, compared with uninduced cells (68). Hi us, this mode of repair syn- 
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Figure 5-13 £. coli polA mutants are ab- 
normally sensitive to killing by UV radia- 
tion. However, they axe not as sensitive as 
uvrA mutants. {Adapted from Friedberg [45a] 
with permission.) 



thesis may reflect a distinct form of nucleotide excision repair associated with 
the ability of E. coli to bypass pyrimidine dimers at or near replication forks (see 
chapter 11). 

It is of historical interest that long-patch repair was discovered by the para- 
doxical observation of increased total repair synthesis of DNA in UV-irradiated 
cells which are defective in Pol I, despite the repair of fewer pyrimidine dimers in 
these mutants (37). This led to the speculation that the primary biochemical dis- 
tinction between short- and long-patch repair is that the former is mediated by 
Pol I and the latter is mediated by other DNA polymerases (37). However, strains 
defective in Pol II or in carry out essentially normal amounts of long-patch repair 
under conditions where this repair synthesis mode is optimally observed (see be- 
low) (35). It appears, then, that Pol I is required for both short- and long-patch 
repair. 

Repair Synthesis 

A description of the E. coli DNA polymerases was presented in the previous chap- 
ter. The complete absence of repair synthesis of DNA in UV-irradiated E. coli is 
observed only in mutants defective in all three DNA polymerases, suggesting that 
all of these enzymes are potentially able to perform this function (104). This is 
consistent with the observation that in vitro all three enzymes can utilize gapped 
DNA substrates of the type generated during nucleotide excision repair. It is there- 
fore difficult to assess the relative contribution of each to repair synthesis in wild- 
type cells. Nonetheless, several observations suggest that E. coli Pol I occupies a 
primary role in repair synthesis under normal conditions. First polA mutants are 
abnormally sensitive to UV radiation (57), although, not surprisingly in view of 
the redundancy just described, these mutants are not as sensitive as uvrA, uvrB, 
or uvrC mutants (Fig. 5-13). Second, polB mutants, which are defective in Pol II, 
are not abnormally UV sensitive (22), and Pol II cannot substitute for Pol I in the 
turnover of UvrB protein. Since polC mutants (defective in DNA Pol HI) exist only 
as conditional -lethal mutants, it is not possible to assess their UV sensitivity under 
conditions in which the enzyme is not functional (69). However, the participation 
of Pol III in dimer excision in E. coli is suggested by the observation that a mutant 
{polA polC) deficient in both Pol I and m has much less excision capability than 
does the polA strain alone, even at low UV doses (38). 



DNA Ligation 

The final postincisional biochemical event in all forms of excision repair is the 
joining of the last newly incorporated nucleotide to the polynucleotide chain, i.e., 
the sealing of the nick left following the completion of repair synthesis. In E. coli t 
this event is catalyzed by an extensively characterized enzyme called DNA ligase 
(see chapter 4). 



Nucleotide Excision Repair of Cross-Links 
in DNA — a Special Situation 

The excision of cross -links in DNA presents a special problem, since adducts are 
covalently attached to both DNA strands. Early genetic studies revealed a require- 
ment for the recA* gene of E. coli. In addition to its regulatory role in the SOS 
response, the product of this gene, RecA protein, is involved in recombination (see 
chapters 10 and 11). This suggested that the dilemma of avoiding cell death while 
having to cut both strands of the genome might be solved by recombinational 
events (187, 188, 210). An incisional-recombinational model proposed that the 
UvrABC complex effects the incision of one DNA strand, generating an oligonu- 
cleotide that remains covalently attached to DNA through the cross-link (Fig. 5- 
14). Displacement of the oligonucleotide would then generate a gapped structure 
which could be repaired by recombinational repair (see chapter 11). Subsequent 
incision on the other strand would result in release of a cross-linked oligonucleo- 
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Figure 5-14 Model for the repair of DNA interstrand cross-links. (A) Cross-linked DNA. 
(B) The UvrABC endonudease cats just the furan strand of the DNA, generating incisons 
which flank the cross-link (incision 1). (C) It is proposed that the 5' 3' exonudease of 
Poi I then generates a gap 3' to the site of the cross-link, which is a substrate for RecA- 
mediated recombination. (D) During recombinational repair of the gap, an invading ho- 
mologous DNA strand displaces the cross-linked oligonucleotide. (E) Once recombination 
is completed the pyrone DNA strand is incised by the UvrABC endonudease (incision 2), 
leading to the excision of a complex 1 1-mer or 12-mer oligonudeotide structure. (F) DNA 
repair is completed by repair synthesis and ligation. (Adapted from Van Houten [210].) 



tide structure, leaving a second gap to be repaired by conventional repair synthesis 
and DNA ligation (33) (Kg. 5-14). 

Biochemical experiments have provided considerable support for this model. 
As indicated previously, studies with purified Uvr proteins have shown that inci- 
sion of psoralen cross-links does indeed occur exclusively on the furan strand 
(212), although other studies have shown that the incised strand is sometimes the 
pyrone strand (79) . The UvrABC endonudease is also able to incise a model three- 
stranded structure in which one of the strands is an oligonudeotide covalently 
attached to double-stranded DNA (28, 29). Additionally, in the presence of puri- 
fied RecA protein and a "transiently" positioned third strand at the cross-linked 
site (provided by an oligonudeotide homologous to the furan side strand), the 
UvrABC endonudease catalyzes incision of the pyrone side strand (27). Further 
support for the model described above derives from in vitro studies (189) showing 
that RecA protein can mediate repair of a crc*s-link if there is a gapped structure 
adjacent to the <*oss-liriked DNA. The cross-link is first incised bimodally by the 
UvrABC endonudease on one strand, and the gap flanking the incised region is 
generated in vitro by exonudeolytic degradation with the 5' 3' exonudease of 
Pol L The gap is required for the initiation of RecA polymerization, and the final 
RecA recombinant product includes the short triple-stranded region due to the 
presence of the cross-link ( 189). 

The incisions that accompany excision repair of interstrand cross-links have 
been analyzed with DNA containing psoralen. Thyriime-psoralen-thymine cross- 
links are asymmetrical because one strand is linked via the furan ring of the psor- 
alen while the other strand is attached to the pyrone ring (152) (Fig. 5-15). In- 
cision of this lesion occurs at the ninth phosphodiester bond 5' to the furan 
adducted strand and at the third bond 3' to the adduct on the same strand, while 
the pyrone strand remains intact (212) (Fig. 5-15). With psoralen monoadducts 
there is no apparent preference for the furan ring. Hence, the unique incision 
reaction observed with psoralen cross-links apparently reflects an affinity imposed 
by the conformation of the cross-link (152). The mechanism of incision of DNA 
cross-linked with psoralen may be influenced by sequence contexts. Enrichment 
of the G + C content of the region immecUately 5' to the modified thymine residue 
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Figure 5-15 The incisions thai accompany nucleotide excision repair of psoralen mon- 
oadducts and interstrand cross-links. (A) Incision of monoadduct base damage by the 
UvrABC endonudease occurs at the eighth pbosphodiester bond 5' and the fifth phospho- 
diester bond 3' to the lesion, on the strand containing the base damage. (B) A psoralen 
cross-link is cut at the ninth phosphodiester bond 5' and the third phosphopdiester bond 3' 
to the cross-link only on the furan -adducted strand, while the pyrone-adducted strand re- 
mains intact. {Adapted from Van Rouitn, et al (212}.) 



on the furan strand results in preferential incision of that strand. He vever, when 
the 3' side of this lesion is enriched for G + C incision occurs on either strand (80). 

The incision of cross-linked DNA by the UvrABC endonuclease is also influ- 
enced by the superhelical density of substrate DNA. The rate of incision of super- 
coiled DNA containing the furan monoadduct of psoralen is relatively insensitive 
to superhelix density. However, efficient incision of cross-linked (by psoralen) 
DNA requires underwound DNA (114). The (UvrA) 2 {UvrB), complex binds with 
equal efficiency at the site of both monoadducts and cross-links. Hence, the re- 
quirement for negative supercoiling for efficient nicking at the latter site must be 
at a step subsequent to lesion recognition (1 14). It has been pointed out that the 
formation of an underwound stmcture could not occur if either of the DNA strands 
was already nicked in the immediate vicinity. Hence, such underwinding provides 
a potential mechanism for avoiding the formation of double-strand breaks (114). 

A Uvt Protein-Independent Pathway for 
the Repair of Cross-Links in DNA? 

Repair of psoralen cross-links in DNA has been demonstrated to occur in uvr mu- 
tants of E. coli (19-21). Additionally, an E. coli mutant with enhanced resistance 
to photoactivated psoralen has been isolated and shown to overproduce a 55-kDa 
protein (2), and a novel enzymatic activity which exclusively incises DNA con- 
taining psoralen monoadducts has been identified in E. coli ( 1 89, 2 1 0). Preliminary 
characterization of this activity suggests that it might be a DNA glycosylase (210). 

Coupling of Transcription and Nucleotide 
Excision Repair in R coli 

Studies first carried out with mammalian cells demonstrated that nucleotide ex- 
cision repair of DNA occurs preferentially in actively transcribed genes (see chap- 
ters 7 and 8). A similar phenomenon has been demonstrated in E. coli for which 
it has been shown that in actively transcribed DNA nucleotide excision repair has 
a pronounced bias for the transcribed strand (108). These observations led to the 
initial suggestion that transcriptional arrest caused by the presence of bulky ad- 
ducts in DNA may serve as a signal for the binding of Uvr proteins, leading to the 
preferential repair of the template strand in genes which are presumably important 
for cell survival, since they are transcriptionally active (108). This could not only 
explain the bias for the transcribed strand but also provide an additional structural 
element for evaluating the complex issue of substrate recognition discussed above. 

The phenomenon of transcriptional arrest by base damage in template 
strands of DNA has been extensively described ( 1 09, 1 57) . When the "stalled RNA 
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polymerase" hypothesis was directly tested by adding purified E. coli RNA poly- 
merase to nucleotide excision repair reactions in the presence of UvrA, UvrB, and 
UvrC proteins, it was paradoxically observed that the presence of the polymerase 
actually inhibited nucleotide excision repair (171). A search for an activity that 
could both overcome this inhibition and direct strand-specific repair in a cell-free 
system led to the discovery of a protein designated transcription-repair coupling factor 
(TRCF) in extracts of E. coli (172). 

TRCF is the product of a gene called mfd* (for mutation frequency decline), 
which maps at 25.3 mm on the E, cod chromosome (173,174). For improved un- 
derstanding of mutation frequency decline and how it relates to strand-specific 
repair, we must briefly recount some key observations which date back to the 
mid-1950s. Almost exactly 35 years prior to the discovery of TRCF, Witkin (227) 
reported the curious observation that wild-type strains of E. coli manifest a decrease 
in the frequency of DNA damage-induced mutations when protein synthesis is 
transiently inhibited immediately after exposure of the cells to DNA damage. She 
subsequently noted that this phenomenon is dependent on the uvr* genes and on 
the mfd* gene (defined by the isolation of an mfd mutant strain) (225). The mfd 
mutant was found to have a distinctly lower rate of excision of pyrimidine dimers 
from DNA (53), suggesting that mutation frequency decline might involve a spe- 
cialized form of nucleotide excision repair. 

The phenomenon of mutation frequency decline and the function of the mfd 
gene were largely ignored, except for a series of provocative experiments reported 
by Bockrath and his colleagues during the 1970s, the details of which are well 
reviewed elsewhere (174). These experiments led Bockrath and his collaborators 
to conclude that "MFD is a unique process involving excision repair of premuta- 
tional lesions located only in the transcribed strand of DNA" (15). Remarkably, 
this conclusion was proffered 12 years before strand-specific repair of DNA was 
formally described in E. coli. 

Direct examination of extracts of mfd mutant cells led to the observation that 
they are defective in strand-specific repair and that this defect can be corrected by 
the addition of partially purified TRCF ( 175) (Table 5-4). Further support for the 
conclusion that the mfd* gene encodes TRCF came from several studies demon- 
strating that whereas UV radiation-induced mutations at sites of adjacent pyrim- 
idines in the loci* gene arise largely in the nontranscribed strand in mfd* strains, 
they arise largely in the transcribed strand in mfd mutant cells (90, 129). 

The mfd* gene was enriched from an E. coli genomic library by PCR with 
degenerate oligonucleotide primers deduced from the N-tenninal amino acid se- 
quence of partially purified TRCF protein, and was cloned by functional comple- 
mentation of a UV-sensitive mfd mutant (173) (Fig. 5-16). The cloned gene can 
encode a protein of -130 kDa. The translated amino acid sequence of the mfd* 
gene reveals the presence of multiple consensus domains observed in many nu- 
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Figure 5-16 Phenotypic complementa- 
tion of the UV radiation sensitivity of an E. 
coli mfd mutant by introduction of the 
doned mfd gene. {Adapted from Setby and 
Sancar [1 73J with permission.) 



Table 5-4 Repair synthesis in the transcribed and coding strands of DNA 



Repair synthesis 6 
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a u uansoibcd: c coding. 

* Repair synthesis is shown in mfd* and mfd mutant strains oi E. coli In the presence or absence of rifampidn 
(Rif) and TRCF. The t/c ratio reflects the strand preference for repair. 
Source: Adapted from Sdby, et aL (175). 
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deotide binding proteins. Purified TRCF is indeed a weak ATPase (k^ ~ ~3 
nun" 1 ), but the ATPase activity is not DNA dependent and the purified protein 
does not have detectable DNA helicase activity in isolation ( 173). Mfd protein also 
has a 140-amino-acid stretch near the N terminus which is homologous with E. 
coli UvrB protein and related proteins from several other prokaryotes, and it also 
has a leucine zipper motif near the C terminus (173). It has been estimated that 
there are about 500 copies of TRCF protein per cell (174). The protein is a mon- 
omer and binds weakly to DNA. 

Experiments with purified TRCF, Uvr proteins, and RNA polymerase suggest 
that TRCF is able to recognize and interna with a stalled RNA polymerase-dam- 
aged DNA-mRNA ternary complex, resulting in displacement of the stalled poly- 
merase and the truncated transcript and in binding of TRCF to DNA at or near the 
site of base damage. TRCF has a demonstrated binding affinity for UvrA protein, 
suggesting that when bound to damaged DNA it might be especially efficient in 
recruiting (UvrA) 2 (UvrB), protein complexes to DNA and in facilitating the for- 
mation of productive UvrB -DNA complexes. This results in strand-selective nu- 
cleotide excision repair (Fig. 5-17) (173). 

In summary, in E. coli (and as we shall see in later chapters, in higher or- 
ganisms) there are at least two modes of nucleotide excision repair. One mode 
does not involve the coupling of repair to transcription and is used for nucleotide 
excision repair of transcriptionally silent genes and presumably for the repair of 
the nontranscribed strand of transcriptionally active genes. A second mode appears 
to be mechanistically very similar, if not identical but has a specific requirement 
for a protein which can target the nucleotide excision repair machinery to sites of 
base damage in the transcribed strand with a high degree of preference. Mutants 
defective in the nrfd gene have a significant but limited sensitivity to UV radiation 
damage (129, 173) which is less than that exhibited by uvr mutants. This may 
explain the fact that mutants selected on the basis of reduced survival after ex- 
posure to DNA damage were readily related to nucleotide excision repair, inde- 
pendent of a strand bias for such repair. Had nucleotide excision repair-defective 
mutants been originally selected on the basis of a phenotype of DNA damage- 
dependent mutation frequency, the history of our understanding of this DNA re- 
pair mode might be quite different. 

Miscellaneous Functions Possibly Associated 
with Nucleotide Excision Repair 

The involvement of other functions in nucleotide excision repair (either prior to, 
concomitant with, or following DNA incision) is suggested by a number of inter- 
esting observations which have not yet been fully explored. For example, mutants 
of E. coli with mutations in a gene designated top*, which encodes DNA topoiso- 
merase L are abnormally sensitive to killing by UV radiation (194). In addition, 
the presence of pyrimidine dimers in DNA is associated with a reduction in the 
rate of the relaxation of supercoiled plasmid DNA by E. coli DNA topoisomerase I 
in vitro (135). This has led to the suggestion that altered relaxation of damaged 
superhelical DNA in vivo resulting from reduced topoisomerase I activity might 
inhibit recognition and binding of the Uvr ABC endonudease to damaged DNA if 
this enzyme is sensitive to the superhelical density of substrate DNA (135). Other 
DNA topoisomerases such as DNA gyrase might also participate in nucleotide ex- 
cision repair of DNA in some kinetically relevant fashion. Little is known about 
the role of DNA topology in DNA repair, and it is hoped that future years will 
provide erdightening information in this area, although it is unlikely that DNA 
topology plays a crucial mechanistic role. 

Are Uvr Proteins Involved in Other Cellular 
Processes in E. coli? 

As indicated above, uvrB mutants are inviable in the presence of mutations in the 
polA gene (111). Similar observations have been made with uvrD polA (111) and 
uvrA polA double mutants (94). These observations await a definitive explanation. 
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Figure 5-17 Model for strand-specific nucleotide excision repair in E. colt. (A) RNA pol- 
ymerase is shown transcribing a template DNA strand which contains base damage ahead 
of the transcription complex. (B to D) Stalling of RNA polymerase at the site of base damage 
in the transcribed strand (B) results in the binding of TRCF (C) and displacement of the 
polymerase and the truncated transcript leaving TRCF bound at the site of damage (D). (E 
and F) TRCF binds to UvrA protein, resulting in the recruitment of the (UvrA) 2 (UvrB), 
complex to the site of damage (E), where nucleotide excision repair takes place (F). {Adapted 
from Selby and $ancar(I73l with permission,) 



However, superficially they suggest that in the absence of functional Pol L one or 
more Uvr proteins axe required for some essential aspect of cellular metabolism. 
Since the uvrB+ gene contains a binding site for DrtaA protein, it has been sug- 
gested that UvrB protein may be involved in DNA replication under some circum- 
stances (46). 

Detection and Measurement of Nucleotide 
Excision Repair 

It is useful to know something about the commonly used experimental techniques 
for detecting and measuring biochemical events associated with nucleotide exci- 
sion repair, particularly since many of these techniques are frequently referred to 
in the literature. The following section presents the essential principles of several 
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of these techniques, with a special emphasis on those used for studies with intact 
bacterial cells. As will be seen in later chapters, other techniques have lent them- 
selves well to the qualitative and quantitative evaluation of nucleotide excision 
repair in eukaryotic cells. 

EXCISION OF DAMAGED BASES 

Loss of Radiolabeled Pyrimidine Dimers from DN A 

In DNA radiolabeled in thymine (usually with ,4 C or 3 H), excision of thy- 
mine-containing pyrimidine dimers can be monitored by demonstrating the trans- 
fer of radiolabeled dimers to an ethanol- or acid -soluble fraction, since high-mo- 
lecular- weight DNA is readily precipitated by ethanol or acid. It is of course 
necessary to resolve the radiolabel specifically associated with dimers from that 
associated with nondimer nucleotides that are also transferred to the soluble phase 
after precipitation of DNA. These techniques have a number of important limita- 
tions that must be kept in mind. For one thing, it is very difficult to reliably detect 
the excision of thymine-containing pyrimidine dimers from DNA when these le- 
sions represent a very small fraction of the total radioactivity in thymine 
(<0.05%), unless highly sensitive separation techniques (such as high-pressure 
liquid chromatography) are used. Second, the loss of dimers from high molecular 
weight DNA does not distinguish dimer excision catalyzed by a PD-DNA glyco- 
sylase/AP endonuciease from that catalyzed by a UvrABC-type of endonudease. 
Hence, the simple demonstration of the transfer of thymine dimers from the in- 
soluble to the soluble fraction has no specific mechanistic implications. 

Loss of DNA Sites Sensitive to Specific Enzyme Probes 

The M. luteus and phage T4 PD-DNA glycosylases are absolutely specific for 
pyrimidine dimers in DNA (see chapter 4). If these lesions are removed during 
nucleotide excision repair and the covalent integrity of the DNA is restored by 
repair synthesis and DNA ligation, DNA isolated from such cells will obviously no 
longer be sensitive to incision by these enzymes. Thus, when such DNA is incu- 
bated with one of these DNA glycosylases and then denatured and sedimented in 
alkaline sucrose gradients (or treated in some other way that allows the measure- 
ment of the molecular weight of single-stranded DNA), it will have a higher single- 
stranded molecular weight than will DNA in which dimers are still present (Fig. 
5-18) (51, 133), This assay of nucleotide excision repair is sometimes called the 
loss of enzyme (or endonuciease-) sensitive site assay. 

This general technique is quantitatively more sensitive than the direct meas- 
urement of the loss of myrnme-coniaining pyrimidine dimers from DNA and is 
particularly well suited to studies in which cells are exposed to very low levels of 
UV radiation. Furthermore, the loss of enzyme-sensitive sites measures the exci- 
sion of all pyrimidine dimers and hence is not limited to those containing thymine, 
which of course is necessarily the case when pyrimidine dimers are tracked 
through radioactivity in thymine. In principle, this general technology is applicable 
to any lesion in DNA for which specific enzyme probes exist. However, like the 
measurement of the transfer of damaged bases to the acid- or ethanol -soluble 
fraction of DNA, it does not yield information about the precise mechanism of the 
excision repair. 

The emergence of sensitive techniques for detecting specific DNA sequences 
by nucleic acid hybridization combined with the use of enzyme probes specific for 
particular types or classes of DNA damage has facilitated an extremely sensitive 
technique for measuring nucleotide excision repair of pyrimidine dimers and other 
forms of base damage in single-copy DNA sequences. This technique is discussed 
in detail in chapter 7. 

Appearance and Disappearance of Strand Breaks in DNA 

Damage-specific incision of DNA can be monitored by a variety of techniques 
which directly detect the strand breaks (or nicks) that are enzymatically produced 
in vivo, rather than detecting excision of the substrate lesions themselves (4, 18, 
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Figure 5-18 The presence of unrepaired pyrimidine dimers in the DNA of UV-irradiated 
cells can be detected with the use of diraer-spetific enzyme probes such as the M. hiteus or 
phage T4 PD-DNA glycosylase/AP lyases (see chapter 4). Radiolabeled DNA is extracted from 
cells and incubated with the enzyme. The enzyme catalyzes the formation of strand breaks 
at pyrimidine dimer (enzyme-sensitive) sites. DNA containing dimers (enzyme-sensitive 
sites) will sediment more slowly in alkaline sucrose gradients than will DNA containing no 
(or fewer) dimers. {Adapted from Friedbtrg [45aJ with permission.) 



32, 67, 83, 96, 160). When cells have undergone complete nucleotide excision 
repair and the covalent integrity of the DNA has been restored, these strand breaks 
obviously disappear. The disappearance of damage-specific strand breaks is there- 
fore a useful indicator of nucleotide excision repair. Since this method does not 
require identification of the particular lesion being repaired, strand breaks that are 
spuriously introduced into DNA (and are thus unrelated to the repair of base 
damage) may not be readily distinguished from those that are related to repair. 
The extensively studied model of DNA containing pyrimidine dimers serves as an 
example of how this problem can be overcome in specific instances. Pyrimidine 
dimers are subject to repair by enzymatic photoreactivation (see chapter 2). One 
can therefore ask whether the strand breaks that appear during nucleotide exci- 
sion repair fail to appear if the cells are subjected to photoreactivation prior to 
excision repair. If so, the breaks are presumably incisions at pyrimidine dimers. 
Alternatively, the specificity of DNA strand breaks observed in wild-type cells can 
be evaluated by direct comparison with mutants defective in incision of DNA at 
the lesions in question. 

Quantitative PCR 

Many alterations in DNA bases result in inhibition of the PCR catalyzed by 
Taq DNA polymerase. Hence, the presence of base damage can be detected by 
reduced PCR amplification when this is measured quantitatively. Since only non- 
damaged templates participate in PCR* this assay can accurately measure the frac- 
tion of template DNA molecules that contain no damage (26). Assuming a random 
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distribution of base damage, the Poisson equation allows the calculation of the 
average frequency of base damage per DNA strand (26). 

Measurement of Repair Synthesis 

The most general method used for measuring repair synthesis is by density 
labeling of the DNA (191 ) (Fig. 5-19). In this procedure, DNA synthesis following 
damage is carried out in the presence of bromo-dUTP. The incorporation of suf- 
ficient amounts of 5-bromouracil (5-BU) instead of thymine imparts an increased 
buoyant density to the DNA. Such increases are generally too small to be detect- 
able in regions of nonsemiconservaiive (repair) synthesis because the incorporated 
5-BU constitutes only a tiny fraction of the mass of the DNA fragments isolated 
by usual procedures. However, a significant increase in density can usually be 
detected in regions of semiconservative replication. Thus, with the use of radiol- 
abeled 5-BU, DNA undergoing semiconservative synthesis can be separated from 
DNA exclusively undergoing repair synthesis by sedimentation in isopycnic gra- 
dients, because in the former case the 5-BU is typically incorporated into an entire 
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Figure 5-19 Schematic illustration of the detection of repair synthesis by buoyant density 
centrifugation of DNA containing 5-BU. DNA is prelabeled with [ M C] thymidine to provide 
a uniform label. Following exposure to UV radiation (or some other form of DNA damage), 
repair synthesis during nucleotide excision repair takes place in the presence of pHJBU. 
DNA synthesized both by semiconservative and by non-semiconservative modes will thus 
be density labeled (red). To distinguish these, the DNA is fragmented (by shearing) and 
sedimcnted to equilibrium density. Fragments of DNA-containing strands that were syn- 
thesized semiconservatively will have a hybrid density detected by the position ol the 3 H 
radiolabel (left). Repair synthesis patches are too small to alter the density of the DNA, and 
hence the 5 H radiolabel appears at the position of normal density DNA (right). {Adapted from 
Friedbcrg (45a] with permission.) 
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strand of a given DNA fragment and hence constitutes an appreciable fraction of 
its mass. The radioactivity incorporated into unreplicated (parental density) DNA 
is then a measure of the total amount of repair synthesis (Fig. 5-19). 

The accuracy of this measurement is influenced chiefly by the amount of 
background serniconservative DNA synthesis. Thus, wherever feasible, selective 
inhibition of the latter is attempted. In prokaryotes such as B. coH such selective 
inhibition is difficult to achieve, although serniconservative replication is reduced 
considerably by DNA damage itself (196). Refinements of the density-labeling 
technique allow for estimates of the size of the regions (patches) of repair synthesis 
in DNA- Most simply, the amount of radiolabel incorporated during repair, to- 
gether with an independent determination of the number of repair events, can be 
used to calculate the average repair patch size (36). An alternative procedure in- 
volves shearing the DNA to known small size by sonication of the isolated parental 
density fraction containing repair patches. The repair patches now constitute an 
appreciable fraction of the length of the DNA fragments. The DNA is then analyzed 
in alkaline isopycnic gradients so that the density shift of only the affected strands 
is measured. The observed increase in the density of the DNA fragments, together 
with the measured average size of the fragments, yields an estimate of the average 
size of the repair patches (192). 

Another procedure for measuring the size of repair synthesis patches in DNA 
exploits the photolytic sensitivity of DNA containing 5-BU ( 1 77). When DNA con- 
taining this thymine analog is exposed to radiation at 313 run, debromination 
followed by free radical attack of the deoxyribose or deoxyribose -phosphate back- 
bone occurs, resulting in DNA strand breaks and/or formation of alkali-labile sites 
(177). Alkaline sucrose gradient sedimentation can then be used to measure the 
extent of DNA fragmentation (Fig. 5-20). If enough 313-nm UV radiation can be 
delivered to achieve a plateau level of fragmentation (i.e„ produce at least one 
break or alkali-labile site per repair patch), the average patch size can be derived 
directly from the known efficiency of the 5-BU photolysis (177). 

Nucleotide Excision Repair in Other Prokaryotes 

M LUTEUS 

As indicated in chapter 4, M. luteus is endowed with a DNA-glycosylase/AP en- 
donudease (UV endonuclease) which specifically repairs pyrimidine dimers by a 
base excision repair mode. However, mutants that are defective in this enzymatic 
activity are not abnormally sensitive to UV radiation under nonphotoreactivating 
conditions (201), suggesting that this organism may possess alternative mecha- 
nisms for excising pyrimidine dimers from DNA. Consistent with this suggestion, 
highly UV- sensitive mutants were identified with normal levels of PD-DNA gly- 
cosylase activity (197, 201). Like the trvr mutants of E. coli, these mutants are 
abnormally sensitive to killing to other agents such as mitomycin and 4-nitro- 
quinoline lrpxide (59, 197, 201). 

MJ luteus genes homploj^^ coli have 

been doned (1 19, 183, 184). The uvrA + gene complements the multiple sensitiv- 
ities of a M. luteus strain designated DB7, which is defective in uvrA. The doned 
gene has an open reading frame of 992 codons [slightly longer than that of the E. 
coli uvrA* gene (940 codons)]. The M. luteus uvrA* gene shares extensive amino 
add sequence homology with the translated sequence of its E. coli homolog. Ad- 
ditionally, all of the presumed functional elements revealed by the sequence of 
the E. coli uvrA* gene (nudeotide binding domains and zinc fingers) are conserved 
( 1 19, 184). Similar homology exists between the E. coli and M luteus uvrB* genes. 
The latter complements the phenotypes of a uvrB mutant strain designated UV^N 1 
and has an open reading frame of 709 amino adds; again somewhat longer than 
the 672 codons in the E. coli uvrB open reading frame (119, 183). One would 
predict that a homolog of the E. coli uvrC* gene also exists in M. luteus. However, 
to date no mutants distinct from those defective in the uvrA and uvrB genes have 
been identified. 
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Figure 5-20 Sedimentation patterns in al- 
kaline sucrose of labeled DNA from normal 
human fibroblasts treated or not treated 
with UV radiation and allowed to repair in 
the presence of 5-BU before exposure to 
313-nm photolysis. Photolysis of incorpo- 
rated 5-BU results in strand breakage of the 
DNA when sedimented in alkali (top). No 
degradation of DNA is observed in the ab- 
sence of photolytic irradiation (bottom). 
The amount of 313-nm radiation required 
to cause strand breakage at all sites of 5-BU 
incorporation provides a means for esti- 
mating the size of the DNA synthesis (re- 
pair) patches. {Adopted from Friedber$ [45aJ 
with permission.) 
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DEINOCOCCUS RADIODURANS 

Deinococcus (formerly Micrococcus) radiodurans and other members of the same ge- 
nus are extremely resistant to the lethal and mutagenic effects of most agents that 
damage DNA, including UV radiation. Hence, this organism presents interesting 
opportunities for exploring the biochemistry and molecular biology of nucleotide 
excision repair in fully viable populations of cells that have sustained large num- 
bers of "hits" in their genome. D. radiodurans lacks DNA photblyase activity (112). 
Nonetheless, the D„ for UV radiation exposure (the dose of UV radiation that 
yields 37% survival) is much higher than that observed with E. colt (-880 and 
<50 J/m 2 , respectively) (65). There is nothing unusual about the efficiency of the 
formation of photoproducts in the DNA of D. radiodurans cells exposed to UV ra- 
diation, except that there is a higher relative ratio of (6-4) photoproducts to py- 
rimidine dimers (217), probably reflecting the high G + C content of the DNA of 
this organism, which results in many more TC dinudeoude sequences (1 16). 

Within 90 min following exposure of D. radiodurans cells to UV radiation, 
the content of thymine - containing pyrimidine dimers is reduced from 1 .7 to 0.3% 
(217). This exu^ordinarily efficient (presumably excision) repair of pyrimidine 
dimers was first demonstrated by Boiling and Setlow (16), who showed that the 
many pyrimidine dimers excised from the genome of D. radiodurans appear in the 
medium rather than in the acid-soluble fraction of DNA. It is now established that 
D. radiodurans is endowed with two independent excision repair pathways, either 
of which alone is sufficient to endow the organism with wild-type resistance to 
UV radiation at 254 nm. One of these pathways appears to operate by nucleotide 
excision and is believed to require at least two genes, originally designated mtcA* 
and mteB + (5, 41, 1 1 3) . In addition to pyrimidine dimers, this pathway can process 
mitomycin-induced DNA-DNA cross-links and bulky chemical adducts. The pro- 
teins encoded by the mtcA* and mtcB* genes have not yet been physically iden- 
tified. However, it was proposed that these proteins are required for the activity 
of an endonudease called UV endonudease -a. It has since been determined that 
mlcA and tntcB are in fact portions of a single gene and that this gene has extensive 
amino acid sequence homology with uvrA* of E. coU and M. luteus ( 1 ) . Hence, mtcA 
and mtcB have been renamed uvrAl and uvrA2, respectively, and the full-length 
wild-type allele is designated uvrA*. to conform with the E. coli nomenclature for 
nucleotide excision repair genes. The UvrA protein of D. radiodurans presumably 
participates in a pathway formally analogous to that of the UvrABC-mediated 
pathway of E. coli. However, to date uvrB* and «vrC homologs have not been 
identified in D. radiodurans. 

In contrast to the situation in E. coli, uvrA mutants of D. radiodurans retain 
essentially wild-type levels of resistance to UV radiation and are able to remove 
pyrirnidine dimers from their DNA by the action of a second endonudease called 
UV endonudease-p, which requires the gene(s) uvsCDE*. To date, no other sub- 
strates have been demonstrated for this endonudease activity. Mutants defective 
in both endonudeases (e.g., uvrA I uvsE double mutants) are highly sensitive to 
killing by UV radiation and are defective in the incision of UV -irradiated DNA (41, 
113). 

The limited substrate spedfidty of UV endonudease-P has led to the sug- 
gestion that it is a PD-DNA glycosyiase, analogous to the phage T4 and AL luteus 
PD-DNA glycosylases discussed in chapter 4. UV endonudease-P has been partially 
purified and found to have a molecular mass of —36 kDa. The endonudease ac- 
tivity has a novel requirement for Mn J+ ions (42), and, in contrast to the T4 and 
M. luteus PD-DNA glycosylases, it is inactive in the presence of EDTA. Furthermore, 
its mode of action appears to be directly endonudeolytic rather than glycosylic, 
since incisions in DNA catalyzed by the enzyme do not generate free mymine 
following photoreversal (43) (see chapter 4). In addition to these distinguishing 
features, the D, radiodurans UV endonudease-p activity confers wild-type levels of 
resistance to UV radiation in uvrA mutants. In contrast, in Af . luteus the UV sen- 
sitivity of uvrA mutants is only marginally corrected by introduction of the gene 
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which encodes the endogenous PD-DNA giycosylase ( 120). These and other sim- 
ilar observations (66) have led to the speculation that UV endonudease-P might 
also recognize (6-4) photoproducts in DNA, which account for as much as 17% 
of the thymme-containing bimolecular photoproducts in the DNA of D. radiodurans 
cells exposed to UV radiation. The definitive conclusion that UV endonudease-0 
is a true direct-acting repair endonudease, as distinct from a PD-DNA giycosylase, 
must await more-intensive study of this interesting enzyme. 

OTHER ORGANISMS 

In several other prokaryotes, including Salmonella typhimurium, Pseudomonas fhio^Z 
rescens. Streptococcus pneumoniae, Bacillus sub ti lis, and Mycoplasma genitalium, pyrim- 
idine dimers are excised as oligonucleotide fragments of 13 nucleotides by hy- 
drolysis of the eighth phosphodiester bond 5' to the dhnex and the fifth 
phosphodiesterbpnd 3' to the lesion (28). Hence>vit seems reasotj^le to <x>ndudes 
that the mechanism of nudeotide excision repair so elegantly dedphered m & o?/i: v 
is conserved m prokaryotes. 

Other Damage-Specific DNA-Incising Activities? ^ 

ENDONUCLEASE V OF E, COU 

A small protein that degrades a variety of substrates which share no obvious struc- 
tural similarity has been purified from E. coli and is termed endonuclease V (39, 52). 
This enzyme has an absolute requirement for MgCl 2 for activity. Among the sub- 
strates for the purified enzyme are duplex UV-irradiated DNA (at sites other than 
pyrirmdine dimers), DNA treated with osmium tetroxide, heat- or add-depuri- 
nated DNA. and DNA containing adducts of 7-bromomethylbenz[fl]anthracene 
(39, 52). In addition, native DNA from phage PBS2 (a DNA that contains uracil 
instead of thymine [see chapter 1]) and phage T5 DNA containing thymine sub- 
stituted by uracil are degraded by the enzyme (39, 52). The enzyme also attacks 
the single-stranded DNA from phage fd and duplex fd RFI DNA (39, 52). 

It is difficult to identify a common determinant in all of these substrates, and 
the basis for the apparent broad substrate specifidry of endonudease V remains 
undear. An interesting possibility is that the enzyme is single strand specific and 
therefore recognizes single-stranded areas in duplex DNA created by relatively 
nonspecific base damage. Endonudease V is optimally active at pH 9.5 and has 
little if any detectable activity at neutral pH. The alkaline pH optimum might fa- 
cilitate helix destabilization in areas of localized conformational distortion in du- 
plex DNA. This could explain the observed degradation of PBS2 DNA, since at pH 
9.5 the disruption of A-U base pairs may occur more readily than that of A-T base 
pairs. 

When endonudease V reactions with various DNAs are sedimented in alk ali 
to monitor single-strand breaks (nicks) and in neutral sucrose to measure double 
strand breaks, the ratio of single-strand nicks to double-strand breaks is only 8:1 
over a wide range of nicks and a sixfold range of enzyme concentration (39) . Thus, 
the double-strand breaks apparently do not arise from the random juxtaposition 
of two nicks or from an enzyme concentration-dependent alteration in the mech- 
anism of endonudeolytic deavage of DNA (39). 

Endonudease V is present at normal levels in all E. coli mutants examined 
thus far, induding a number of strains defective in functions required for repli- 
cation, recombination, and repair. Although the multiplidty of substrates recog- 
nized by this activity might be interpreted in terms of its role in DNA repair, the 
determination of the true cellular function of endonudease V must await the iso- 
lation of mutants defective in the activity (39). 

Summary and Conclusions 

Damage-specific endonudeases such as the UvrABC enzyme of E. coli and the 
products of certain RAD gene products in 5. cerevisiae and of the genes in human 
cells that are defective in human patients with the disease xeroderma pigmento- 



226 I CHAPTER 5 NUCLEOTIDE EXCISION REPAIR IN PROKARYOTES 



sum (see later chapters) are singularly important enzymes for excision repair. Cel- 
lular and biological studies with mutants defective in the genes encoding these 
products suggest that these endonudeases are required for the incision of DNA 
containing a large spectrum of base damage. Thus, it is probable that the nucleotide 
excision repair pathway initiated by these damage-specific enzymes is a much 
more general mode for excision repair of base damage than is the base excision 
repair mechanism in which limited types of base damage are excised by specific 
DNA glycosylases. 

It is noteworthy that some types of base damage, including sites of base loss 
generated by DNA glycosylases, are recognized by both the base and nucleotide 
excision repair pathways, allowing for possible convergence of these two general 
pathways of excision repair (193). Such convergence may exclude repair by one 
pathway in the presence of the other, leading to unexpected phenotypes for cer- 
tain mutants. For example, the binding of the (UvrA) 2 (UvrB) l complex to AP sites 
can inhibit base excision repair of such lesions ( 1 93). If the completion of the repair 
of AP sites by nucleotide excision repair was inhibited by a mutant uvrC gene, it 
is possible that such mutant strains would confer abnormal sensitivity to types of 
damage typically repaired by the base excision repair pathway. 

The availability of highly purified gene products encoded by genes cloned 
into recombinant DNA molecules has unquestionably overcome the quantitative 
problems that hampered progress in this area of nucleic acid enzymology for so 
long. Despite the impressive progress made with E. coli much remains to be 
learned about the details of the biochemistry of nucleotide excision repair in this 
organism and particularly in other prokaryotes. 
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